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I
ABSTRACT

The oxidation of refractory borides, graphites, and JT composites,

hypereutectic carbide -graphite composites, refractory metals, coated
refractory metals, metal oxide composites and iridium coated graphites
in air over a wide range of conditions was studied over the spectrum of

conditions encountered during reentry or high velocity atmospheric flight

as well as those employed in conventional furnace tests. Elucidation of

the relationship between hot gas/cold wall (HG/CW) and cold gas/hot wall

(CG/HW) surface effects in terms of heat and mass transfer rates at high

temperatures was a principal goal of this investigation.

This report describes the candidate materials which were obtained
from commercial sources and represent state of the art materials. Avail-
able processing information is included. Characterization of materials
was performed by qualitative spectrographic, wet chemical and vacuum (or

inert gas) fusion, metallographic, X-ray, electron microprobe and pycno-

metric analysis. Standard analysis of refractory boride, carbide and

silicide composites were employed. However, considerable difficulties
were encountered in the chemical analysis of JT graphite composites due

to formation of ZrSiO4 or HfSiO4 on combustion. In order to avoid this

complication a novel method was developed.

Nondestructive testing of candidate materials included radiography,

gamma radiometry, die penetrant inspection and measurement of ultra-

sonic velocity. Film radiography was used to detect the presence of voids,

inclusions and local gross changes in composition. Radiometric density
gauging used to measure local densities within each specimen and alcohol

penetrant tests were employed to disclose tight surface cracks which are

not visible at moderate magnifications.

The measurement of ultrasonic velocity was utilized for establish-

ing correlations between quantitative NDT measurements and material

properties. Process variations leading to modulus changes, (such as

preferred orientation in elastically anisotropic materials or small
amounts of "stiffening" impurities) change sound velocity. These tech-

niques are capable of a precision of about 1%. Moreover, ultrasonic
energy is reflected at solid material/air interfaces. Such interfaces
exist at cracks, bursts, voids, etc., present in solids.

The results of nondestructive testing of samples p:'ior to arc

plasma testing is reported. Test results are provided for a series

of hemispherical shells of diboride composites. Graphite composites,
silicon carbide and hafnium-tantalum alloy were also tested prior to

exposure. In several instances, flaws which caused failures on expo-
sure were detected by means of dye penetrant and radiographic techniques.
The latter ýnethods proved to be most effective of the NDT techniques em-

ployed in this study.

This abstract is subject to special export controls and each trans-

mittal to foreign governments or foreign nationals may be made only with

prior approval of the Air Force Materials Laboratory (MAMC), Wright
Patterson Air Force Base, Ohio 45433.
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I. INTRODUCTION AND SUMMARY

A. Introduction

The response of refractory materials to high temperature
oxidizing conditions imposed by furnace heating has been observed to
differ markedly from the behavior in arc plasma "reentry simulators".
The former evaluations are normally performed for long times at
fixed temperatures and slow gas flows with well defined solid/gas-
reactant/product chemistry. The latter on the other hand are usually
carried out under high velocity gas-flow conditions in which the energy
flux rather than the temperature is defined and significant shear forces
can be encountered. Consequently, the differences in philosophy, ob-
servables and techniques used in the "material centered" regime and
the "environment centered-reentry simulation" area differ so signi-
ficantly as to render correlation of material responses at high and
low speeds difficult if not impossible in many cases. Under these.
circumstances, expeditious utilization of the vast background of
information available in either area for optimum matching of existing
material systems with specific missions or prediction and synthesis
of advanced material systems to meet requirements of projected
missions is sharply curtailed.

In order to progress toward the elimination of this gap,
an integrated study of the response of refractory materials to oxida-
tion in air over a wide range of time, gas velocity, temperature and
pressure has been designed and implemented. This interdisciplinary
study spans the heat flux and boundary-layer-shear spectrum of con-
ditions encountered during high velocity atmospheric flight as well as
conditions normally employed in conventional materials centered in-
vestigations. In this context, significant efforts have been directed
toward elucidating the relationship between hot gas/cold wall(HG/CW)
and cold gas/hot wall(CO/HW) surface effects in terms of heat and mass
transfer rates at high temperatures, so that full utilization of both types
of experimental data can bemade. In gaseous and solid oxide formation,
the elucidation of various mass transfer reaction regimes have been
studied.

The principal goal of this study is the coupling of the
material-centered and environment- centered philosophies in order,
to gain a better insight into systems behavior under high-speed
atmospheric flight conditions. This coupling function has been pro-
vided by an interdisciplinary panel composed of scientists represent-
ing the component philosophies. The coupling framework consists of
an intimate mixture of theoretical and experimental studies specifically
designed to overlap temperature/energy aud pressure/velocity condi-
tions. This overlap has provided a means for the evaluation of test
techniques and the performance of specific materials systems under a
wide range of flight conditions. In addition, it provides a base for
developing an integrated theory or modus operandi capable of



translating reentry aystems requircmnuts such as veioc ty, atitude,

configuration and lifetime into requisite materials properties as
vaporization rates, oxidation kinetics, density, etc., over a wide
range of conditions.

The correlation of heat flux, stagnation enthalpy, Mach
Number, stagnation pressure and specimen geometry with surface
temperature through the utilization of thermodynamic, thermal and
radiational properties of the material and environmental systems used
in this study was of prime importance in defining the conditions for
overlap between materials-centered and environment-centered tests.

Significant practical as well as fundamental progress along
the above mentioned lines necessitated evaluation of refractory mater-
ial systems which exhibit varying gradations of stability above 2700 0 F.
Emphasis was placed on candidates for 34000 to 6000°F exploitation.
Thus, borides, carbides, boride-graphite composites (JTA), JT
composites, carbide-graphite composites, pyrolytic and bulk graphite,
PT graphite, coated re,ractory metals/alloys, oxide-metal composites,
oxidation resistant refractory metal alloys and iridium-coated graphites
were considered. Similarly, a range of test facilities and techniques in-
cluding oxygen pickup measurements, cold sample hot gas and hot sample
cold gas devices at low velocities, as well as different arc plasma facili-
ties capable of covering the 50-2500 BTU/ft7sec flux range under condi-
tions equivalent to speeds up to Mach 12 at altitudes up to 200, 000 ft were
employed. Stagnation pressures between 0. 001 and 10 atmospheres
were covered. Splash and pipe tests were performed in order to evaluate
the effects of aerodynamic shear. Based on the present results, this
range of heat flux and stagnation enthalpy produced surface temperatures
between 20000 and 6500 0 F.

SB,. Summary

The candidate materials employed in the current study were
obtained from commercial sources and represent state of the art mater-
ials. An attempt was made to obtain processing information from each
supplier. This was not possible in all cases due to requirements for
preserving proprietary manufacturing information. However, manu-
facturing procedures were obtained on some cases.

Characterization of candidate materials was performed by
means of qualitative spectrographic, wet chemical and vacuum (or inert
gas) fusion, metallographic, X-ray, electron microprobe and pycnometric
analysis. In most cases, these analyses were performed at ManLabs,
Inc. In addition, some wet chemical analyses were performed at the
Department of Metallurgy, M.I.T. Qualitative spectrographic analysis was
performed by Jarrell-Ash Co. of Waltham, Massachusetts, while M. I. T.
and Luvak, Inc. of Newton, Massachusetts#carried out vacuum (or inert
gas) fusion analysis.

Standard methods for analysis of refractory boride, carbide
and silicide composites have been employed in performing the wet
chemical analysis. However, considerable difficulties were encountered

S77.



in the chemical analysis of JT graphite composites due to formation of
ZrSiO4 or HfSiO4 on combustion. In order to avoid this complication,
a novel method was employed for analysis. The details of this method
are reported.

The results of characterization analysis for all of the can-
didate materials is provided in the form of tabular data on chemistry,
density, phase analysis by X-ray diffraction and metallography. Photo-
micrographs of all the candidate materials are provided.

Nondestructive testing of candidate materials was performed
at Avco/SS;D, Test methods included radiography, gamma radiometry,t
die penetrant inspection and measurement of ultrasonic velocity.

Film radiographywas used to detect the presence of voids,
inclusions and local gross changes iu composition such as gross seg-
regation. The through tranamission method is used with the X-ray
source on one side of the specimen and a film (detector) on the other
side. Absorption is a function of the chemistry, the density and thick-
ness. When several elemental components are present, the absorption
coefficient depends on the ciensity and the percentage of each element
present and the wavelength or "voltage" of the incident radiation. If
chemistry, density and thickness are constant, the amount of radiation
passing through the specimen will be constant and the film will be
uniformly exposed. However, if foreign included material or segrega-
tion is present, or if the thickness changes (as in the case of a void)
then the amount of radiation impinging on the film is less than the sur-
rounding image. R.adiographic sensitivity depends on the source and
the detector system used, but optimum combinations yield intensity
differences of the order of 1% with resolution down to + 0.001 inch.

Gamma radiometry is similar to radiography. In radio-
metric density gauging, a collimated source of radiation is used, and
a confined beam is directed through the specimen impinging on a
scintillation detector. The utility of such measurements for later ap-
plication to large specimens or parts has been demonstrated; further,
if density appears to be an important variable with respect to oxida-
tion behavior, resolution can be further improved and local densities
determined within each specimen.

Penetrant tests were us-)d to disclose tight surface cracks
which may not be visible to the naked eye or even at moderate magni-
fications. In practice, any one ofanumberof low viscosity fluids is
applied to the surface. The low viscosity fluid is either drawn out by
the use of "developers" or permitted to seep out naturally to provide
an easily recognisable and enlarged indication ofthe crack. Alcohol
was used in the present case because it is unlikely to result in any
contamination (some procedures may leave a residue in the crack or
pores present).

3



The measurement of velocity presents a means for determin-
ing properties of interest by direct calculation using well known relations,
and by establishing correlations between quantitative NDT measurements
and material properties. In regard to elastic properties, for example,
relationships exist between wave velocities, density and elastic moduli.

4 .Consequently, process variations leading to modulus changes,
either total or in a given direction (such as preferred orientation in
elastically anisotropic materials or small amounts of "stiffening" im-
purities) will show up as a change in sound velocity. In some materials,
depending on the stress-strain relationship, variation in internal stress
levels will also be indicated. These techniques are capable of determin-
ing velocity to a precision of about 1%0. Moreover, due to the very large
ultrasonic impedence differences between gases and solid materials,
ultrasonic energy is very efficiently reflected at solid material/air inter-
faces. Such interfaces occur when cracks, bursts, voids, etc., are
present in solids and ultrasonic detection of such flaws is quite common.

Variations in chemical composition, phases present, dis-
tribution of phases, hardness and internal stress result in changes in
the electromagnetic properties of electrically conductive materials.
Thus, the measurement of electromagnetic properties especially in
the near surface layers, could provide a measure of relative oxidation
resistance. This measurement was made by a coil carrying an alterna-
ting electrical signal which is brought into proximity with the electrically
conductive specimen. Eddy currents induced in the specimen were dissipated
through the action of the resistivity of the material encountered. Reflec-
tion to the exciting coil results in a coil current related to the electro-
magnetic properties of the material in the field induced by the coil.

The results of nondestructive testing of HFfB. I(A-Z), ZrB2
(A-3), HfC+C(C-ll), ZrC+C(C-1Z), JTA(D-13), 3T0981Ft-16) and
Ir/C(I-Z4) samples prior to arc plasma testing is reported. In addition,
test results are provided for a series of diboride composites exposed in
the Ten Megawatt Arc facility. Hemispherical shells of diboride
composites, graphite composites, silicon carbide and hafnium-tantalum
alloy were also tested prior to exposure in the CAL Wave Superheater.
In several instances, flaws were detected by means of dye penetrant
and radiographic techniques which caused failures on exposure. The
latter methods proved to be most effective of the NDT techniques em-
ployed in this study.

4
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I
II. PROCUREMENT OF CANDIDATE MATERIALS

The candidate materials employed in the present study are listed
in Table 1. This listing includes the code number assigned to each
material as well as the source. An attempt was made to obtain proces-
sing information from each supplier. This was not possible in all cases
due to requirements for preserving proprietary manufacturing informa-
tion. The processing techniques employed in the fabrication of diborides
(A-6), (A-7), (A-8), (A-9) and (A-10) by hot pressingtechnlques are con-
tained in reports generated under AF33(615) -3671 (1) . The following
listing summarizes the remaining information whicd was made available
by various suppliers.

I. HfB 2 I(A-2) was prepared by Carborundum from 3 lots

of powder having'the following composition-

Lot No. 4 3 2

Solublo (Hf + Zr) 87.39 87.60 87.32
Insoluble (HfO2 ) 0.99 0.54 1. 64
C 0.44 0.64 0.10
B 9.86 10.36 10.53
N 0.14
Gross B/Me 1.87 1.95 1.99

This powder together with a SiC addition was employed to fabricate
HfB2 +SiC(A-4).

2. ZrBZ(A-3) was prepared by Carborundum from powder
having the following composition:

Soluble (Zr) 80.43
Insoluble (ZrO2) 0. 17
C 1.07
B 18.51
N 1.20

3. LMSC Glassy Carbon (B-11) was. supplied by Lockheed
Palo Alto Research Laboratory as finished samples suitable for arc
plasma testing. The preparation involved molding of a thermosetting
resin to shape with allowance for shrinkage, and a pyrolysis operation.
The maximum heat treatment temperature is either Z000 or 3000°F
and materials are designated as Grades 2000 or 3000, accordingly.

4. HfC+C(C- 11) billets were fabricated by Battelle Memorial
Institute. Nuclear-grade graphite and good quality hafnium sponge were
the starting materials. Charges were first pre-alloyed by skull-arc
melting in a helium atmosphere. Both the electrode and crucible were
graphite so that little contamination was introduced. Next, the charges

*Underscored numbers in parentheses indicate References given at the

end of this report.
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were remelted and then drop-cast into an induction heated graphite mold,
once again in a helium atmosphere. The rough billets were machined to
1 inch diameter by 4 inches long to eliminate surface flaws and end ef-
fects.

5. ZrC+C(C-12) billets were fabricated by Battelle Memorial
Institute . iing identical procedures as described above for HfC+C
(C-11). Starting materials were nuclear-grade graphite and zirconium
chunklts.

6. W+Zr+Cu(G-Z0) rods were supplied from material, fabricated
by Rocketdyne (Z). The material was fabricated by infiltration of zircon-
ium-25% copper into a porous tungsten lattice.

7. W+Ag(G-2l) rods were supplied from material fabricated by
Wah Chang Corp. The material was fabricated by infiltration of silver
into a porous tungsten lattice.

8. SiOZ+68. SW(H-Z2) was prepared by Bjorksten Research Labs.
Samples were prepared from intimate and uniform mixtures of fine pow-
ders of high purity W and SiOZ by first degassing and fusing under vacuum
and then collapsing the resulting void-filled mass by application of an
atmosphere of argon. Of the fifty specimens supplied, half of these were
given a post-heat treatment to increase their viscosity.

9. Hf-ZOTa-ZMo(I-23) was prepared by Wah Chang in the fol-
lowing manner:

(a) One-half inch diameter rod was double arc-melted
and skull cast into 5/8" diameter rod and machined to final size.

Ingot Chemistry

Top Middle Bottom

Ta 19.17 w/o 19.13 w/o 19.25 w/o

Mo Z.1 Iw/o Z. 16 w/o Z. 07 w/o
Hf B alance Balance Balance
Zr Z.55 w/o Z. 65 w/o Z.55 w/o
C 110 ppm --------- 120 ppm
N 62 ppm --------- 74 ppm
O 360 ppm 240 ppm

6
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(b) One inch rod was double arc-melted, hot forged
annealed, hot rolled to final size, and vacuum annealed one hour at

2100 F.

Ingot Chemistry

Top Middle Bottom

Ta 19.17 w/o 19.13 w/o 19. 5 w/o
Mo 2..11 w/o 2. 16 w/o 2. 07 w/o
Hf Balance Balance Balance
Zr 2.55 w/o 2. 65 w/o 2.55 w/o
C 70 ppm 70 ppm 80 ppm
N 30 ppm 40 ppm 35 ppm
0 100 ppm ------- 90 ppm
H 2.4 ppm ------ 3.6 ppm

MIT Analysis Jarrell-Ash (Qualitative Spectrograph)

Hf-79.4 0.01 - 0.001
Ta-19.6 Ti, Fe
Mo-l.4
Oz-0. 0075
and 0.0078

10. Ir/Graphite (1-24) specimens for arc plasma testing were
coated with iridium by Battelle Memorial Institute. The coating pro-
cess is described in reports under AF33(615) -3706 U3 . Briefly, out-
gassed specimens of graphite were iridium coated by plasma-arc
deposition and the coating was then outgassed. Coated specimens were
wrapped in graphite foil. welded into a vacuum tight steel container, and
pressure bonded at 10,000-15,000 psi for two hours at 10900C. Poco
Graphite (B-10) was used to fabricate arc plasma specimens. All speci-
ments, except Non. 2, 3, 4 and 6 were processed by outgas sing the sub-
strate at 1370 0 C. outgassing the coating at Z0000d, wrapping in graphite
foil, and bonding at 10900C for two hours under a pressure %# 15, 000 psi.
Specimens 2, 3, 4 and 6 had the substrate outgassed at 1200 C, with no
outgas of the coating. They were wrapped in tantalum foil and bonded at
10900 C for two hours under a pressure of 10, 000 psi. These specimens
were rusted, probably by contamination during bonding due to lack of
sufficient outgassing.

7



IrIC(I-24) samples were also supplied from material fabri-
cated by General Technologies Corp. Whereas the Ir/C samples sup-

dj plies by Battelle were coated by means of a high pressure bonding
technique, the GTC samples were prepared utilizing the fused-salt
electrodepo sited coating process. Thi's process produced coatings with

~4 an average thickness of about 4 mils as compared with 33 mils for the
pressure-bonded coatings ()

Ir
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Ill. CHARACTERIZATION OF CANDIDATE MATERIALS

A. Introduction

Characterization of candidate materials was performed by
means of qualitative spectrographic, wet chemical and vacuum (or
inert gas) fusion, metallographic, X-ray, electron microprobe and
pycnometric anal~jis. In most cases, t)-se analyses were performed
at ManLabs, Inc. by Dr. Edward Peters, Messrs. Raymond Yeaton
and Joseph Davis. In addition, Mr. Donald Guernsey, Department of
Metallurgy, M.I.T. performed some of the wet chemical analysis.
Qualitative spectrographic analysis waS done by Jarrell-Ash Cc, of
Waltham, Massachusetts, while Donald Guernsey at M.I.T. and
Luvak, Inc. of Newton, Massachusetts carried out vacuum (or inert
gas) fusion analysis.

B. Chemical Analysis Procedures Employed for Refractory
t 5ompo.te materials

Standard methods for analysis of refractory buride.
carbide and silicide composites (5-!) have been employed in per-
forming the wet chemical analysis. However, considerable dif-
ficulties were encountered in the chemical analysis of JT graphite
composites due to formation of ZrSiO4 or HfSIO4 on combuition. In
order to avoid this complication, the following procedure was em-
ployea. The composite is burned on a bed of RR alundum covered with
a tin or copper accelerator (approximately one gram for a one hundred
milligram sample). The mixture is covered with a layer of alundum
and burned for 45 minutes at 1300 0 C, The resulting COZ is collected
and weighed to determine total carbon. 5

A second 200 mng sample is employed for determination of
zirconium (or hafnium) and silicon. The sample is reduced to -200
mesh powder and boiled in 5-10 ml of H2 80 4 in a covered beaker.
About 2 ml HNO is added drop-wise at 9ntervals until all of the graphite
is removed and &ae ZrC or HifC is in solution. Solution takes place in
about 30 minutes. This procedure dissolves ZrC or HfC leaving SiC
behind. Following evaporation and resolution in 50 ml of 3NHCl, the
mixture is filtered and washed in hot water with Z% NH 4 NO 3 added.
The precipitate is then ignited. At this point, an approximate value
can be obtained by weighing the SiC. Subsequently, the SiC is fused
in two grams of Na 2 CO3 (and 100 mg of KNO 3 , if necessary). Fifteen
or twenty minutes of this treatment is sufficient to effect fusion. The
fused mass is leached in hot water with cautious addition of 10 ml of
50% HZS0 4 solution. This procedure converts SiC to SO?. Follow-
ing evaporation the silicon is determined by standard procedures.

The filtrate from the SiC separation which contains mir-
conium or hasnium is evaporated, redissolved in 50 ml of 3NHCI and

9
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*reacted with madei ai. nTe precipitate contains the zirconium or
hafnium. This procedure can only tolerate traces Of the S0 4 radical*.
Subsequently, the mandelate in ignited to the zirconium or hafnium.
dioxide and weighed.

If the composite contains ZrB2 or H~fB 2 in place of the
transition metal carbides, tue procedure is identical except that a
third sample is employed for boron analysis. If boron is Present
as ZrBZ or HWfuso wt NO is employed to form Na4 B4 O7.

C. Summary of Characterization Results-

The results of the characterization st-udiesa of all of the
candidate materials listed in Table 1 are shown in Tables 2-14 and
in Figures 1-64. As indicated in Table 1, HfB2* j(A-Z). ZrB2.(A-3),

MZ. 1+20 vlo SiC(A-4) and Boride Z(A-5) were; obtained from
~ ~ Carborundum, Company, Niagara Falls. New York. The hot pressed

samples (112 inch diameter x 1 inch long, and 1 inch diameter x 2
inches long cylinders) were fabricated from powdersa produced by
Carborundumn Company as indicated in section nI. The HfB2* 1+20v/o
SiC(A-4) composite was designed to reproduce the properties of
HfB2 +SiC(F-2) first synthesized under AF33(657) -8635 (4). Figures
1-8 show the microstructural characteristics of Hf]B.2* 1(X-2). ZrBZ
(A3) Hf22vo~CA and Boride (-)

This analysis indicates that (A-2) is boron rich B/(Hf+Zr)=
2.07 and low in oxygen. The (A-3) material contains more oxygen than
does (A-2) but is slightly metal rich, B/ Zr=l. 97. The present (A-3)K materiaL, is lower in oxygen and slightly lessa dense (5. 58 vs 5. 70 gmsa
cmn3 ) than the Carborundurn ZrB2 evaluated earlier (4). However, the
L. ron to metal ratio is nearly the same (1. 97 vs. 1. 95). The chemical
pycaometric wid metallographic results indicate that (A-2), (A-3) and
(A-4) are all 90-95% dense. Reference to Figures 1-6 show that (A-2)
and (A-3) are more prone~to "pull out" of second phase (oxide or car-
b'de) duriny -tatallographic preparation than (A-4). Finally, it should
be noted th". (A-2), HMZ. 1 was far more susceptible to chipping and
cracking during ci~gting and grinding than (A-3), (A-4) or high pressure-
hot pre sseld hafnium diboride.

result for Tables 3 and 4 and Figures 9-18 show the characterization
resltsforthe borides and boride composites HfB?.1 (A-6), HfBz. 1+

ZOv/oSiC(A-7). ZrB2 1+20vloSiC(A-8), HfB 2* 1+35v Io1SiC(A-9) and
ZrBZ+14%SiC4.30%@C A-10) prepared by ManLLabs and Avco under AF33
(615) -3671. Comparison of the microstructural features of HfB2 . I
(A-2) and HM2 1(A-6) shown in Tables 2 and 3 and in Figures 1, 2 and

'j~' .~ 9 show little dJMerence between the two. A similar comparison of the

in Tables 2 and 3 and Figures 5, 6 and 11. The zirconium-base analog

Alternately the zirconium or hafnium. may 'be determined in a'O. 3 -0. 6
mol hot solution Of HN0 3 by titration, with (0. 05 molar) EDTA using
xylenol orange as an indic ator. In this caseI the S0 4 doesa not Interfer e.
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of (A-4) and (A-7) synthesized earlier (4 is ZrB2 +Z0v/oSiC(A-8) whose
structure is shown in Figure 13. Figure 15 shows the hafnium diboride
base composite HfB2+35v/oSiC(A-9) containing larger quantities of SIC
than (A-4) and (A-7). The final diboride composite which was included
for evaluation was ZrB +14j6SiC+30%0C(A- 10) characterized in Table
4 and Figures 17 and 18.

The graphites investigated in the current program included
RVA(B -5), Pyrolytic (PG(B -6)), Boron-Doped Pyrolytic (BPO(B-7)),
Siliconized RVC(B-8), PT0178(B-9), AXF-5Q Poco(B-10) and Glassy
Carbon (B-11). The characterization data and structural information
for these materials are shown in Tables 4-6 and Figures 19-34.

The pyrolytic materials shown in Figures Z0-23 are more
dense than the RVA and display the typical oriented microstructures
with the "C" direction perpendicular to the transverse sections. The
RVA(B-5) material, illustrated in Figure 19., was supplied by AFML
in the form of a 6 inch diameter x 12 inch high cylinder. P~yr0lytic
"graphite plate, 1 inch x 2 inches x 1/Z inch was purchased from the
Metallurgical Products Division, General Electric Co.,, Detroit,
Michigan. Tha High Temperature Materials Division, Union Carbide
Corp. of Lowell, Mass., supplied one inch diameter disks which were
one half inch thick. In the latter cases, the half inch thickness was
parallel to the "C" planes of the graphite. The chemical analyse. and
microstructures presented here for (B-5), (B-6) and (B-7) are quite
typical. Electron microprobe and chemical analyses of BPG(B-7) were
performed and difficulties were encountered in obtaining accurate analysis
of the boron level in BPG. The boron level indicated by the supplier was

Siliconized RVC(Si/RVC(B-8)) was obtained from the Union
Carbide Corp. Table 5 provides characterization data, while Figures
24-27 illustrate the microstructural features of the matrix and the 4
mil coating of SiC. The RVC graphite is employed as the matrix due
to the fact that it exhibits a coefficient of thermal expansion which is
compatible with SiC.

Table 5 also provides characterization data for PT0178
(B-9). TbMs fibrous graphite obtained from Union Carbide Corp. is
fabricated by chopping a resin-impregnated graphite cloth and molding
the resultant fibers. The molded shape is then cured under pressure
at high temperatures to obtain a solid form. The molded part is then
graphitized near 5000°F yielding a low density product. This product
is then impregnated with a furane-resin system, which has a low
viscosity and a high carbon content. The impregnated structure is baked
at 1400°F to carbonize the resin. After regraphitization at 50000F, a
fully stabilized PT0178 product is obtained. Figures 28 and 29 show
the microstrue.tural features of PT0179(B-9).
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The characteristics of AXF-5Q Poco Graphite (B-10) are
* shown in Figues 30-33 and in Table 5. Figures 32 and 33 are electron

micrographs illustrating the fine grain structure of this graphite which
contains substructures at the 0. 05 and 0. 002 mil levels.

Glassy Carbon (B-1i) was supplied by Lockheed Missile/
Space Company. Palo Alto Research Laboratory. Characterization
information is provided in Table 6. Figure 34 shows the clear micro-
structure of this material.

Characteriz tion data for arc cast hypereutectic carbides
(HfC+C(C-l1) and ZrC+C(C-12) are contained in Tables 5. 7 and 8.
Typical microstructures are shown in Figures 35-38 which illustrate
the flake graphite in a eutectic matrix. Figure 39 shows radiographs
of several of the hypereutectic carbide billets in which internal voids
were detected.

Tables 7-10 and Figures 40-48 show the result obtained
for KT silicon carbide (E-14) and graphite composites JTA(D-13),

JT0992(F-15), 3T0981(F-16) and JT-PT. The latter is an experi-
mental composition with the same composition as JTA(D-13) except
for the fact that the carbon is present in the form of fibers. Sample
quantities of JT-PT were supplied for evaluation by AFML. The KT
silicon carbide (E-14) was obtained from Carborundum Company, while
the JT composites (D-13), (F-15) and (F-16) were purchased from Union
Carbide Corp. (see Table 1). The chemical analysis, pycnometric,
X-ray and metallographic results obtained for these materials (Tables
7-10) do not differ materially from those obtained earlier (9) except in
the cases of KT-Silicon Carbide (E-14) and JT-0992(F-15).- In the
former case, the present (E-14) material appears to have more free
silicon than previously (9). The current JT0992(F-15) analysis indi-
cates a greater percentage of hafnium (56 vs. 35 w/o) and smaller
amounts of carbon (32 vs. 48 w/o) and silicon (11 vs. 17 w/o) than
reported earlier. It should be pointed out, however, that the values
reported earlier were based on suppliers' analyses. The microstructure
of JT0992 shown in Figures 45 and 46 are far more uniform than ob-
served earlier (2). Previously, large particles of hanium carbide were
observed to be agglomerated in the graphite matrix. The JT-PT com-
posits shown in Figure 44 has a lower density (1. 65 vs. 3.00) than JTA
(D-13). The graphite fibers which form the JT-PT matrix appear to be
5-10 microns in diameter.

Table 10 and Figures 49-52 describe the General Electric
Type MK, cold pressed and sintered tungsten, purchased for WSi2 coat-
ing by TRW. Reference to Figures 49-51 shows that the one inch diarn-
eter bar (970 mils in diameter) exhibits a nonuniform grain structure
owing to the fact that it did not receive any substantial reduction in area
during forging. By contrast, the microstructure of the 1/2 inch diam-
eter rod shown in Figure 52 which was forged from 1 inch sintered rod
is much more uniform. Cylinders were cut from both 1 inch and 1/Z inch
rod. Surface preparation of the 1 inch material prior to coating disclosed
an array of "Heat-checking" cracks which necessitated surface machining
prior to coating. This cracking was not present on the 1/2 inch rod.
The 4.5 mil WSi2 coating applied by TRW to form WSi 2 /W(G-18) is shown
in Figure 53.
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The Ta-lOW substrate for Sn-Al on Ta-10W(G-19) was
obtained from National Research Corp. Chemical analysis data from
the supplier is shown in Table 10. Figures 54 and 55 show the 8 mil
slurry coating of Sn-27AI-6.9 Mo applied by Sylcor to formSn-AZ/Ta-
1OW(G-19).

Table 11 and Figures 56 and 57 contain characterization
data and illustrate the microstructural features of the infiltrated
tungsten composites obtained from Rocketdyne (D) and Wah Chang.
The W+Zr+Cu (G-ZO), and W+Ag(G-Z1) materials are fabricated by
powder metallurgy techniques as indicated in Section HL

Analytical information for the silica-tungsten composittW
SiOZ+68w/oW(H-ZZ) supplied by Bjorksten Laborat,(-ries, SiOZ+60wl/oW
(H-23) and SiOZ+35w/oW(H-24) are contained in Tables 10 and 12.
Figures 58-61 show the tungsten particles in a silica matrix.

Characterization data for Hf-ZOTa-2Mo(I-23) rod oatained
from Wah Chang Corp. are shown in Table 12 and Figures 6Z-65. The
m•crostructure 1 inch diameter rod shows a(hcp) hafnium-rich plates
in a 0(bcc) tantalum-rich matrix, while the 1/2 inch diameter rod shows
only the A(bcc) structure.

Tables 12-14 and Figures 66 and'67 provide characterization
information and illustrate the microstructural features of Ir/C(I-24) stap-
plied by Battelle.
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IV. APPLICATION OF NONDESTRUCTIVE TEST METHODS TO
ANALYSIS OF TEST SAMPLES

During the past several years, the NDT Development Group at
Avco/SSD, Lowell, Massachusettshas been actively pursuing develop-
ment of methods for nondestructively dwfining the characteristics of
refractory materialsand coating systems (10-1_2 for applications
under high temperature conditions. Althoug- the Avco experience does
not extend to all of the candidate materials, (10-12) examination of these
materials could be informative and at the same tte provide destructive
test feed back for comparison with the NDT results. This feed back
comparison may lead to NDT/destructive test correlations which may be

...... useful in the future. Accordingly, nondestructive test methods including
radiography, gamma radiometry, die penetrant inspection and ultra-

.sonic velocity were applied to analysis of selected materials. Subse-
quent parts of this section describe the techniques employed in these
tests and provide a description of the results.

A. Description of Nondestructive Test Methods

1. Radiography

Film radiography was used to detect the presence of
voids, inclusions and local gross changes in composition such as gross
segregation. The through transmission method is used with the X-ray
source on one side of the specimen and a film (detector) on the other
side. The equation describing X-ray ( and gamma-ray) absorption in
traveling through the specimen material is:

I = IPt
0

It will be noted that absorption is a function of the chemistry (uponwhich
the value of gi depends), the density and the thickness. When several
elemental components are present, the value of ji observed depends on
the density and the percentage of each element present and the wave-
length or "voltage" of the incident radiation. Since monochromatic
beams are not easily obtainable, the value of p/p usually observed is
an effective value for polychromatic beams. If chemistry, density and
thickness are constant, the amount of radiation passing through the
specimen will be constant and the film will be uniformly exposed.
However, if IL changes locally, as in the case of foreign included mater-
lal or of segregation of the elemental constituents, or if the thickness
changes (as in the case of a void) then the amount of radiation impinging
on the film is less than the surrounding image. Hence, voids, inclu-
sions and segregations can be detected by this procedure. Radiographic
sensitivity depends on the source and the detector system used, but
optimum combinations yield intensity differences of the order of 1%6.
Radiographic resolution down to +. 001 inch is obtainable.
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2. Gamma Radiometry

Radiometric density gauging is basically similar to
radiography, consequently an equation similar to (1) applies. In
radiometric density gauging, a, collimated source of radiation (gamma
rays, for this application) is used, and a confined beam is directed
through the specimen impinging on a scintillation detector. The out-
put of the detector is fed to a scintillation counter. By' accurately
counting scintillation over a fixed time interval, small differences in
radiation intensity from point-to-point or from specimen to -specimen
can be detected. Through suitable calibration procedures, specimen
or local density can be determined. In practice, most radiometric .
gauging applications are based on the assumption of constant chemis-
try and only concern themselves with the thickness and/or density
aspects of Eq. 1. Since the value of transmitted intensity (I) is a
function of both of these, it is necessary that one be fixed or known.
if the other is to be unambiguously determined. Hence, it can be
quite important to radiograph materials, prior to density gauging, if
voids, inclusions, etc., are likely to occur. Sensitivity of gauging
devices to transmitted intensity changes is again about 1% and while
normal operations usually have resolution of the order of 0.5 square
inches, resolution much greater than this is attainable, depending on
materials, configurations, reasonable counting times, etc. The entire
volume of each 1/2" diameter by 1" long cylinder. is gauged at once by
adjusting the resolution capability down to the diameter of the specimens.
Obviously, these density measurements yield no more information than
gravimetric values,. However, the feasibility of such measurements for
later application to large specimens or parts has been demoaIrtrated;
further, if density appears to be an important variable with respect to
oxidation behavior, resolution can be further improved and local
densities determined within each specimen.

3. Visual Examination

Visual techniques, often not recognized as NDT, are
probably the most common and surprisingly most often neglected of
nondestructive tests. In studies of problems like oxidation resistance,
conditions existing at the surface of the specimen may be of paramount
importance. Because of this importance, specimens are examined
visually with the naked eye and at 40X for color variations, which could
be associated with oxide formation or surface contamination, for tex-
ture differences, which could be associated with processing, for
presence of nonuniformity orsurface porosity and for surface cracks
all of which could be significant with respect to oxidation behavior.

4. Penetrant Inspection

Penetrant tests are used to disclose tight surface
cracks which may not be visible to the naked eye or even at moder-
ate magnifications. In practice, any one of a number of low viscosity
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fluids is applied to the surface. The low viscosity fluid is either drawn
out by the use of "developers" or permitted to seep out naturally to
provide an easily recognizable and enlarged indication of the crack.
Alcohol is being used in the present case because it is unlikely to result
in any contamination (some procedures may leave a residue in the crack
or pores present).

S. Ultrasonic Velocity Measurements

The measurement of velocity presents a means for
determining properties of interest by direct calculation using well
known equations where applicable, and by establishing correlations
between quantitative NDT measurements and material properties. In
regard to elastic properties, for example, the relationship between
wave velocities and physical properties can be seen from several
equations such as:

VL (2)

1/2 1 / 2

vT -" TT'T1-

where:

VL longitudinal wave velocity

VT = transverse wave velocity

Y Young' s modulus

Poisson' s ratio
p = density

SK = bulk modulus

shear modulus

While the above equations are written for an extended isotropic media and
represent an over simplification when "non-ideal" materials are con-
sidered, empirical correlations between the nondestructively determined
wave velocities and the destructively determined physical properties are
to be expected. Eq. 2 is of particular interest. Since VL is primarily
responsive to the modulus/density ratio, process variation leading to
modulus changes, either total or in a given direction (such as preferred
orientation in elastically anisotropic materials or small amounts of
"stiffening" impurities) will show up as a change in sound velocity. In

j isome materials, depending on the stress-strain relationship, variation
in internal stress levels will also be indicated. While not of immediate
interest in this program velocity tensile strength determinations are also
common for brittle materials. The present velocity measuring system
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is capable of making velocity determinations to a precision of about 1%.
Again, if test results indicate a relationship between velocity and oxida-
tion resistance, more refined techniques, capable of greater precision,
are available if required.

6. Ultrasonic Defect Detection

Because of the very large ultrasonic impedence dif-
ferences between gases and solid materials, ultrasonic energy is very
efficiently reflected at solid material/air interfaces. Such interfaces
occur when cracks, bursts, voids, etc., are present in solids and
ultrasonic detection of such flaws is quite common. All specimens are
being examined in this manner.

7. Eddy Current Test

Variations in chemical composition, phases present,
distribution of phases, hardness and internal stress result in changes
in the electromagnetic properties of electrically conductive materials.
These same factors may well have an influence on oxidation resistance;
hence, the measurement of electromagnetic propertiesespecially in the
near surface layers, could provide a measure of relative oxidation resis-
tance. This measurement is made by a coil carrying an alternating
electrical signal which is brought into proximity with the electrically
conductive specimen. Eddy currents are induced in the specimen, and
some of the energy contained in them is dissipated through the action of
the resistivity of the material encountered. That energy remaining is
reflected back to the exciting coil and is seen by it as a back impedance.
Hence, by measuring the coil current (phase, amplitude, or both) informa-
tion is obtained regarding the electromagnetic properties of the material
in the field induced by the coil. The depth of penetration of this field is
defined as the depth at which the induced field strength falls to l/e (371o)
of Its value at the surface and can be calculated from:

6 /3.5f •relPo

where:

8 = depth of penetration

f = exciting frequency in cps

PP0  = ratio of resistivity of material to that of copper

Irel = relative permeability of material

The first group of 10 ZrB2 specimens were examined at frequencies of 60
kilocycles per second (kc), 500 kc and 8 megacycles per second (mc).
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These frequencies correspond to penetration depths of about 0. 030 inch,
0.011 inch and 0. 003 inch, respectively. Significant differences were
noted between ends and between specimens at 60 kc, but not at the higher
frequences. Snce different instruments were used at the different fre-
quencies, it is probable that the tests were conducted using different
sensitivities; normally, however, one would expect the 60 kc results to
be enhanced at the higher frequencies, and they were not. As indicated
above, failure to observe differences at the higher frequencies may be
due to instrument difference, or it may be that the extreme surface
layers are more uniform than the immediate subsurface layers. In any
event, the 60 kc results should be compared with oxidation behavior.

B. Nondestructive Test Results for ZrB?(A-3)

The results obtained on samples ZrB (A-3), Nos. 1-30 are
as follows:

1. Radiography

150 PkV, 10 mA for 2 minutes; filr-focaO distance
equal to 24 inches, Eastman Kodak Type AA fIm with screens. All 30
specimens were exposed in the axial and 90 separated radial direc-
tions. The radiographs exhibited a complete lack of image resulting
from insufficient penetration. Samples 11 -30 were radiographed at
300 PkV, 10 mA for 1 minute; film-focal distance equals 36 inches;
Mastrnan Kodak Type AA film with screens. These specimens all
appear free of radiographically detectable gross defects (voids, inclu-
sions, gross segregation). The radiographs exhibited satisfactory
penetration in the axial and radial directions as a result of the 300 PkV
exposure.

2. Ultrasonic Defect Detection

The pulse echo technique at 1 MHz was used in the
axial direction. No significant discontinuities were observed.

3. Surface Visual and Crack Inspection

Binocular microscope (40X) and alcohol wipe inspec-
tion of all specimens gave no indication of cracks.

4. Ultrasonic Velocity

The through transmission technique at 1. 0 MHiz was
used to obtain transit time values, from which longitudinal wave veloci-
ties (VL) in the axial direction could be obtained. These values are
listed in Table 15. This test is responsive to modulus (consequently
preferred orientation) and density variations. It will also indicate
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changes in internal stress condition from specimen to specimen. The
accuracy of this technique is-+lfo, and A-3-15, 16, 20 and 23 exhibited
values of VL which are slgnifiantly outside these limits.

5. Radiation Gauging

The through transmission gamma radiation technique
(10 millicurie cobalt 60) was employed to measure the densities shown in
Table 15. The calculated mass attenuation coefficient (1&p) of ZrB2 at
an energy of 1. 1 May is 0. 047 cmrZ/gm. The experimentally determined
value was 0.044 cm2 / gm. The statistical precision is 0. 33% for a 30
second counting time (102, 000 counts). It was assumed that a radio-
metrically determined density difference of approzimately 1% is adequate.
This difference is greater than the precision of measurement so that a
density difference of 1% is meaningful. To achieve this level of density
difference detection, the criterion for the minimum value of the liae&r
attenuation coefficient for a material is that it exceeds 0.13 cmn for a
nominal thickness of one inch. The linear atteu-ation coefficient of
ZrB2 for gamma rays at 0. 246 Mev in 0.246 cm 1 or twice the value
requed by the minimum observability criterion. Specimens A-3-1,
A-3-11 and A-3-22 were the only cases where the observed density dif-
fered by more than +1% from the mean.

6. Eddy Current Measurements

Probe coil measurements at 500 kHz and 8 MHz
provided no indications of significant variability. Probe coil measure-
ments at 60 kHz using the Magnatest FM-100 conductivity meter did
provide significant variation in the percent International Annealed
Copper Standard (%0ZACS) values. The measurements obtained on both
ends of each cylindrical specimen are shown in Table 15. The range
of values exceeds the 0. 06 (%IACS) measurement precision. This test
is sensitive to change in chemistry, microstructure and internal stress
levels. Specimens numbered A-3-18 and A-3-12 represent the extreme
deviations from the mean.

C. Nondestructive Test Results for HfB-2 I(A-Z). JTA(D-13)
and 3T0981(F-16)

Nondestructive testing of a series of twenty-four lifBZ 1
(A-Z) cylinders numbered (A-Z)-l through (A-Z)-24, ten JTA(D-13)
cylinders numbered (D-13)-l through (D-13)-10 and eleven JT0981
(F-16) cylinders numbered (F-16)-l through (F-16)-11 have been per-
formed. The JTA(D-13) cylinders were all cut from billet 5/EI/7/Z
while the JT0981 (F-16) cylinders were cut from billet 5/F/2/1. All
cylinders were oriented with their axis parallel to the pressing direc-
tion. In addition, nondestructive testing of a series of twenty models
exposed in the Cornell Aeronautical Laboratory-Wave Superheater
Tunnel was performed. Radiographic, gamma radiometric, ultrasonic,
magnetic, and visual methods employing dye penetrants were employed.
These methods have been described in Section B. Nondestructive testing
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of HfB2  (A-2), JTA(D-13) and JT0981(F'-16) was initiated when it was
noted atal~ th-e HfB, I(A-2) material exhibited nonuniform density re-
gions near the cen~hr of the one -half inch diameter by one inch long
cylinder and chipped and cracked easily on machining. This behavior
was not noted in earlier studies (1) and, wasu attributed to Cabrnua
limited experience in pres sing ha-Inium. diboride. The ZrB ,(A-3) and
HfBZ+SIC(A-4) material supplied by Carborundum, did not salow similar
features and warn machined without incident. Testing of ýJTA(D-13) and
3T0981(F-16) was initiated when the firrit series of arc plasma tests on
these materials produced a high frequency of thermal shock failures (see
SectionI112, Part 1fl-Vol. III) JTA(D- 13)-ZL1M, 22M, 23M, 24M and J T.098 1
(r- 16) -21M, 22M, Z3M, 24M. The general results of the nondestructive
testing are discussed below. Detailed quantitative test values are shown
in Tables 16 through 18.

1I Ultrasonic Velocit~

Longitudinal wave velocity valuesa were determined at
a frequency ofIl MHz for the HB 2 , 1, JTA and JT0981 specimens, both
in the axialiand radial directions. *4 he overall test accuracy and pre -
cision were each approximately 1 percent. Consequently, those speci-
mens exhibiting a variability exceeding I percent from the average
velocity value should be examined to determine if velocity measure-
meaits reveal a useful correlation with destructive test results, The

'AN ranges noted in the Tables for each specimen type exceed 1 percent, so
that at least the extremes should be examined. In particular, HfLBZ. 1

~ 'K specimens numbered 17 and Z1 gave extreme values in both axial arid
radial directions. JTA specimens numbered 1, 6 and 9 and JT0981I
specimens numbered 1, 4 and 11 also gave extreme values.

VIP

Probe coll measuremens were performed at 60 ICHz,

500 ICHz and 8 MHz for the HfB* specimens, and at S00 2KHz for the
JTA and JT0981 specimens. S ty 2KHr, and eight MHx measurements
were Insensitive to the JTA and JT0981 specimens. R~elative values
of current were obtained; the extreme values were found to be much
greater than the precision of measurement noted in the tables for each
frequency. In particular, examination for possible correlations should
be given to at least Hfl3 2 1 specimens anubered 19, 21 and 24, where
frequencies of 500 2KHx anýd 8 MHz are found to yield the most sensitive
tests. Also JTA specimens numbered 6 and 9, and JT0981 specimens
numbered 1, 4 and 9 should be given special attention.

3. Radiography

The HfB2. 1 specimens were inspected b7 Arnodd
Greene Testing Labs. The JTA and JT0981 specimens were inspected
at Avco/SSD. All HLB2 , I specimens exhibit low density .rmgionm that
extend radially from the axis at a cylinder' a midsection. No non-
uniformities were observed for the JTA and 3T0981 specimens.
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4. Surface Crack/Porosity Inapection

Dye penetrants were used to observe surface cracks
and open porosity for the HLB 2 . 1 specinitals. Circumferential porous
bands were noted for all specmens except those numbered 4, 9 and 21.
Surface cracks were noted for specimens numbered 4, 5, 6, 9, 11, 12,
14, 15 and ZI. The alcohol-wipe technique was used to observe surface
cracks for the JTA and JT0981 specimens. All specimens appeared
free of cracks.

5. Surface Visual Inspection

All specim ens were visually observed under rnagni-

ficatioa. Surface cracks were observed for HfBZ. I pec'Anens num-
bered 6, 9, 14, 15, 16 and 24, All Hf-2. 1 were noted to be chipped.
For the JTA and JT0981 specimens, no surface cracks were observed
but small scratches and chipping were noted for most ofthe cylinders.

D. Nondestructive Testing of CA -Wave Suerheater Models

A total of twenty specimens have been nondestructively
evaluated enmploying techniques similar to those used previousl
These specimens were finished in various geometries and consrsted
of various compositions of hafnium, tungsten, sirconiumn and silicon
and of graphite, Of the five techniques used, only X-ray radiography
vid visual and penetrant inspections yielded meaningful results. Ultra-
sonic velocity and eddy current measurements were influenced to a much
greater degree by specimen geometry than they were by material vari-
ability for these geometries exhibiting extreme curvatures relative to
probe dimensions. Consequently# it is appropriate that at least part
of the nondestructive evaluation in the future be performed on flat-faced
specimens prior to their final machining.

Radiography at 1. 0 M•v was performed by Arnold Greene
Testing *'aboratoriso, Inc. on the hafnium and tungsten composites.
Avco radiographed the sirconimn and silicon composites and the gra-
phite specimens at 150 kv. The detailed results are Included in
Tables 19 and 20. The tables also contain comments on the specimen
geometries as interpreted visually and radiographically, Of the eight
hafnium and tungriten composite specimenso only specimen number Hf-
Ta,. Mo(I-23)-3-0 contained a possible serious nonuniformity, this being
a 0. 040 inch dU.axiketer low density region located at the tip. The re-
iniining twel-re specimens all exhibited apparent geometrical irregulari-
ties as indicated in Table Z4. High density flecks or particles were ob-
served in specimen numbers ZrDBZ(A-3)-24-3, JT099a(F-15)-X-9, 3TA
(D-13)-X-7 and 4T0981(F-16)-X-1-0), The latter three specimens con-
trined these flocks throughout their volume.

Specihnan ZrB (A-3) -24-3 contained three 25 rail high
density particles, iwo ol which were located near the tip. F2iuoa of
this model in thermal shock may possibly be traced to theso inhorno,
genoitica.
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Fluorescent dye penetrants were used to detect surface
cracks and open porosity for the hafnium, tungsten, and zirconium
composite specimens. Specimen HfB2 I(A-2)-X-I exhibited a band
of porosity on the wall, as well as two cracks at the base. Speci-
mens HfB2 +SiC(A-4)-X-4 and ZrB2 (A-3)-Z4-3 each exhibited two
1/4 inch long cracks at their base, while specimen ZrB (A-3)-l-2
exhibited three 1/4 inch long cracks at its base and wall. No im-,
perfections were noted for the remaining composites in the group.

An alcohol wipe test was used to locate surface cracks
in the composites and graphite specimens. All specimens appeared
free of cracks except as noted above.

Results of visual examination of the twenty specimens
using 40X magnification are listed in Table 19. Several specimens
were observed to have the edges of their bores chipped. Specimen
RVA(B-5)-X-5 has a large pit and a few porous areas on its hemi-
spherical cap. Specimens PG(B-6)-X-6 and BPG(B-7)-X-16 have
porous areas on their walls, while BPG(B-7)-X-16 also has a chipped
base and a flattened side.

E. Nondestructive Testing of Models Employed in Ten-Megawatt
Arc Tests

A series of thirty-eight boride and boride-silicon carbide
k.amposite cylinders prepared for high flux testing in the Avco 10
Megawatt Arc facility have undergone nondestructive testing both
before and after exposure to the arc. The materials were subjected
to ultrasonic velocity, eddy current measurement, dye penetrant, and
visual tests. The materials tested were HfB 2 I(A-Z) and (A-6), ZrB2
(A-3) and (ManLabs-Avco), HfBz 1+Z0v/oSiC(A-4) and (A-7), P.oride
Z in numerical order along with results of the nondestructive tests
performed. All cylinders were 0.875" diameter by 0.750" long except
for the HfB2 1+20v/oSiC(A-4) and (A-7-HF-32,33,34) specimens. The
general resulls of the nondestructive testing are discussed below.

I. UJltrasozuic Velocit,

Longitudinal wave velocities were measured for speci-
mens Hf-I through HF-24, at a test frequency of 1.0 MHz, in both the
axial and radial directions. Transverse wave velocities were measured
for this group in the axial direction at frequencies of 1. 0 MHz and 2.25
MHz. Table 21 lists quantitative results of ultrasonic velocity determin.-
ations for these specimens. The over-all test accurracy and precision
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were each approximately one percent. All specimens tested fall withln

this range of accuracy with the possible exception of Betide Z(A-S-HF-11) which exhibited a low longitudinal wave velocity in the saidl direction

relative to the other Boeide Z specimens tested. While the significance
of ultrasonic attenuation measurements in these materials has not been
established, results of these measurements are included in Table 21.
A concurrent laboratory development of attenuation measuring techniques
and their significance in these materials is planned,

2. Eddy Current Measurements

Probe coil measurements were performed on the flat
faces of specimens HF-i through HF-24 at frequencies of 60 IOU, 500
KHz, and 8 MHz. The 60 Kfz measurements are reported zi percent
of the International Annealed Copper Standsrd, while the 500 XH. and -8
MHz measurements are in arbitrary units. Table 21 lists quanittative,
results for these measurements. The precision for these tests isbot..
ter than 3% at 60 KH and better than Z0%6 at. 500 K3z and 8 MWAS• . .

in the ultrasonic velocity measurements, the most obvious inconsistency
was foi Boride Z(A-S-HF-1 1) on the top face of the specimen. . Tests ati.
all frequencies gave significantly different results from the other Boetd.
Z specimens. Most of the other materials again showed no sinaificant
differences.

3, Other NDT Results V

Visual inspection of specimens H-i1 through HF-24
revealed that virtually all had chipped edges. A large chip was found
in 3oride Z(A-5-HF-1Z). Specimen Boetde Z(A-5-HF-9) had'a crack
on one face while specimens ZrB3 (M anLabs-Avco HF-17) and HfB . I1
(A-6-HF-Z0) had microcracks on their surfaces. Fluorescetpene-
trant inspection did not reveal additional information on this group of
specimens. However, all of the HfB2, I+Z0v/oS4C(A-4) speclznens
inspected showed a circumferential porous band near their center, ap-
proximately 1/4" wide. This band is a result of a low density regionl
within the billet from which these specimens were core drilled. Table 22
shows visual, fluoregcent penetrant and radiographic results for some
of the specimens before and after exposure to the arc.

F. NDT Results for Hypereutectic Carbide HfC+C(C-i 1) and
_Zr.+(.U(..-L) Billets

The surface. of the thirteen 1lfC+C(C-l 1) and seven ZrC+
C(C-12) billets were examined at ManLabs, Inc. upon receipt from
Battelle Mernorial Institute. Most of the HfC+C billets and all of the
ZrC+C billets were found to have surface flaws, primarily holes and
voids. Such flaws can only be attxibuted to gas bubbles becoming, en-
trapped during the drop casting process. Radiographs supplied by
Battelle showed that many billets contained internal gas holes and ....,
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several billets contained centerline pipes up to 1/Z1 long. A summary
of the visual and radiographic inspection results are given in Table 22.
Figure 39 shows the appearance of some of the defects found within the
billets. Wherever possible, such defects will be avoided in preparation
of specimens from the billets in question.

G. NDT Results for Crosscut JTA(D-13) CylindersK..An attempt was made to systematically eliminate some of

the variables which might be contributing to the high frequency of
2V thermal shock failures observed in the arc plasma testing of JTA(D-13)

and JT0981(F-16). A series of eleven JTA(D-13) cylinders numbered
D-13-31M through D-13-41M have been prepared for testing in the

-, Model 500 Arc facility by core drilling the cylinders perpendicular to

the billet axis rather than parallel, as was the case for all previous
specimens. These specimens are currently undergoing arc plasma
tests, and results should indicate whether or not inhomogeneities
introduced by the f abricatior, process contribute to thermal shock failures.
Radiographic and alcohol wipe tests showed no nonuniformities existed in

any of these cylinders.

H. NDT Results for It/Graphite (1-2.4) Cylinders

Nineteen fr/Graphite (1-24) cylinders received from Battelle
Memorial Institute were examined visually at ManLabs, Inc. Specimens

Y, 3, 4 and 6 appeared rusted in color rather than metallic. X-ray analy-
sis of theme sp, ;imens revealed a -FezO 3 to be present, indicating that
the lack of oW. ,asstng of these specimens caused a reaction with the
steel conta!-,r ? to occur during pressure bonding. The results of fluores-
cent penetr•i and radiographic inspections of all cylinders are summarized
in Table 22. The coating exhibited porosity in all specimens at the junc-
tion of the front face and side wall, while specimens 13 and 18 had cracks
in their coatings. Other specimens were found to have low density re-
gions, scales, and spotty surface build-up of their coatings. Attempts
to measure the thickness of the coatings were inconclusive due to
surface irregularities.

Specimens were tested at Avco/SSD using a 60 Kl-z eddy
current conductivity meter and comparing the results with an iridium
foil standard. A calibration curve was established by stacking 0. 010"
thick iridium shims and making eddy current readings on several thick-
nesses. The shims were placed upon a graphite block to see the influ-
ence of the graphite and to more closely simulate the actual test speci-
mens. It was found, however, that the graphite exerted negligible effect
on the eddy current reading. Figure 68 shows the calibration curve ob-
tained at 0.010", 0.020" and 0.030" thicknesses. After calibration, the
specimens were tested and the data recorded. Several specimens showed
a severely irregular front surface and could not be adequately tested be-
cause of th• need for a 1/4" flat face to suit the transducer roquirements.
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Results of these tests are given in Table 14 for the GTC
material and Table ZZ for the Battelle material. Although the eddy
current technique does not give precise thickness measurements, it
does seem to yield a fair approximation of the front face thickness
of the iridium coatings on graphite.
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SPlat. 
-No. 4391

Etched with 10 Glycerine 5 MN0 3 3HF 250x

Figure 1. HM2. 1 (A..2), 1/2" Diam. Bari Longitudinal Section.

Plate No. 4437&

Etched with 10 Glycerinie 5 HN0 3 3HIPFo
Figure 2. 1MB2 . 1 (A-2), 1/211 Diam, Bar, Transverse Section.
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-~~~lt No. 4303_______

I'ML

111dwt 0 lcrn HN H o

Pate No. 40

Etched with 10 Glycerine 5 HNO 3HF250

Ethd ih 0Gycrn.5N 33 z sox
K'Figure 4. ZrB2 (A-3), 1/2" Diarn, Bar, Transverse Section.
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Plate N~o. 4394a

~t hed with 10 Glycerine SHNO3 3}LFso

Figure 5. MB~ + Sic (A-4), 1/21" Diarn. Bar, Longitudinal Section.

Plate No. 4441a

241

.Etched with 10 Glycerine SH4N0 3 3HF 'o

Fig,,Lre 6. HfB. + Sic (A-4), 1/7." Diarn. Bar, Transverse Section.
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Plate 4209

F. "

(Zr 0 , 9 MO0 , 1 )B 1, 9

Etched with 10 Glycerine SHN0 3  X5

Figure 7. Microstructural Chara~cter~istics of Large
Bar (1.011 diameter x 3. 0" long) Carborundurrn
Bonid. Z (A-5).

V Plate 4305

Etched with 10 Glycerine SHN0 3 3i{W XZEFO

F'igure 8. Microstructural Characteristic a of Small
Bar (0. 5" diameter x 1. 0" long) Carborundurn
Borid. Z (A-5).
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Plate 4739

Etched with 10 Glycerinte SHN0 3 3HE' X250

F~iguzre 9. Microstructural Cbharactlristies of HfB2 1 (A-6)
Density m10.25 gins/cm ,95.9% of Thahretical
Density.

Porosity

Plate 4738

.Etched with 10 Glycer ine 5HN0 3 3kLW X250

]iue10, Microstructural Characleristics of HUB (-6) ýt

Density a9. 53 gras/cmn ,9. 1% of i:boree ical.
Dunmity.
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~,:, '~Plate 449 5

W11

Eteibed with 10 Glycerine 5HN40 3 3HF X?.5O

Fiaure L I.* Microuttiuotural Characterist'lcs of HfB2 SiC (A-7)
(Twenty Volurme Per Cent SiC) Dhnsity a'* 26 gins/cm 3 ,

- A ;1 "97. 5%o of rhooreticra Density.2

Porosity

Plato 4737

Etched with 10 Glycerine SHN0 3 M11 X250

rtgure 12. Microstruactural Characoteristics of HIB2 j + SiC (A-7)
(Twenty Volume Per Cent SiC) Density a7.84 grnw/am
82. 514 of Theoretical, Density.
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Plate 4736

Etched with 10 Glycerine 51-N0 3 3HP X260

Figur~ze 13, Microstructural Characteristicsa ol Zr,+ SiC (A-8)
(Twenty Volume Per Cent SiC) Density I.47 3m/c
1001o of Theoretical Density.

Porosity

Plate 4521

Etched with 10 Glycerine 5HN0 3 3HFr XZ50

Figuro 14.. Microstructura~l Cha~racteristics of Zr13Z + Sic (A-8) 3(Twenty Volume Per Cent SIC) Density as. 02gme/crn
91. 8% of Theoretical Density.
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Plate 4454

Etched with 10 Glycerine SHN0 3 3HF XZ50

Figure 15. Microes'uctursAi Cbharcteristics of HfB 2 + Sic (A-9)3
(b vnJlrne Per Cent SiC) Densitym8. 5gsc

Plate~ 45 s)

Elcbiý * .A ~ er~ 5HN0 3 3kiF Zs

t .. c-viurturai Chaacteristicsu of htll-) + SP- tA-9) k
;:4ivty-F~ive 1.rol m.s Per Ceklt S'JIC Ue~~7g~~cr
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ýGraphite

Plate No. 5059

Unetched Xo

Figuire 17. Microstructural Characteristics of ZrB2 +z
140/SiC + 30%C(A-10) Longitudinal Section.

Plate No, 5057

si4

Unetced X50 i-



Porosity

Plate No,
4346

Unetched 250X

Figure 19. RVA Graphite (B-5).
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Plate No. 816Z

Unetched. 
O

Figure 20. Pyrolytic Graphite (B-6), Longitudinal Section,Polarized Light,

Plate No. 8159

Figure 2 1. Pyrolytic Graphite (B-6), Transverse Section,Polarized Light.

37



Plate No. 8146a

Unetched sox
Figure 22. Boron Pyrolytic Graphite (B-7), Longitud~ina~l

Section, Polarized Light.

Plate No. 8147

Unetched sox
Figure 23. Boron Pyrolytic Graphite (B-7), Transverse

Section, Polarized Light.
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Porosity

Plate 4712 AA

Uiietchad X2 50

Figure 24. Microstructural Characteristics of RVC Graphite
(B-8) Longitudinal. Section.

Porosity

Plate 4711

Uzietched X250
Figure 25. Mic rostructural Characteristics of RVC Graphite

(B-8) Troansverse Section.
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I~k Plate No. 4947

Rvc

Unetched XI 75

Figure 2.6. Sic Coating on RVC(B-8) Longitudinal Section.
Distance between Numbered Divisions Equials
3.94 Mile.

Plate Nu. 4950

* Unetched xz 50

Figure 27, Sic Coating on RVC(13-8), Transverse Section.
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AA

Plate 4724

Unetched GrphteFier

Figure 28, Microstructural Characteristics of PT0178 Graphite
(B-9) Lonigitudinal Section.

porosity

Plate 4725

Unetc hod XZ50 1

Figure 29. Microstructural Char'acteristics of PT0178 Graphite
(B-9) Transverse Section.
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Plate 4715

Porosity

Unetched ()X250

Figure 30. Microstructural Characteristics of Poco Graphite
(-10) Transiverse Section.

Plate 4713

Unetched (b) X500

Figure 31. Microstructural Characteristics of Poco Graphite
(B-10) Transverse Section.
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SfII

Plate No. 3813C

Unetchod X13,000

Figure 32. Microatructural Characteristics of AXF-5Q Poco
Graphite (B-10). 1. 5% Parlodion Iteplica Shadowed
with Chromium at 600 Angle.

Plate No. 3813D

Unetched XI 3, 000

Figure 33, Microstructural Characteristics of AXF-SQ Poco
Graphite (B-10). 1. 5% Parlodion Replica Shadowed
with Chromium at 600 Angle.
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Ii Graphite

Plate No. 4872

Unatc had Xl 00

Figlire 35. Microstructural Characteristics of HiC + C
(C -1l), Longitudinal Section.

Plate No. 4874

tUnetched Xl 00

rigure 36, Microstructural Characteristics of HfC + C
(C-11), Transverse Section.
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iii
Plate No. 4868

Unetched X100

Figure 37. Microstructural Characteristics of ZrC + C
(C-12), Longitudinal Section.

S-I.L•Flake
Graphite

Plate No. 4870

S.... •ZrC + C
•, m• •-Eutectic

Unetched X 100

Figure38. Microstructural Characteristics of ZrC + C
(C-1Z), Transverse Section.
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(a)(b

Figure 39. Radiographis of Hypereutectic Carbide Billets: (a)
HfC + C(C-l1) Billet 1416A with Internal Gas Holes,
(b) ZrC + C(C- 12) Billet 1467A with Center-liue Pipe,
(c) ZrC + C Billet 1420A with No Internal Voids. (F'ull
Scale)
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Plate No. 4340

IýJ
Unetched jUO
Figure 40. YEA (D-13), Longitudlinal Section.

Plate No. 4342

sic

Unetched SOOX

Figure 41. JTA (D-13), Transverse Section.
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-4 A?"

I~aeNo. 4393a

Silicon

Etched with 5% ICON Z50X

Figure 42. 'ICT Sic (2E-14), Longitudinal Section. While
Most of the Black Areas Are Probably Pull-
Out, Some Have Been Found to Be Carbon.

Plate No. 4435

Etched with 5% KOH 250ox

Figure 43. "ICT SiC (E-14), Transverse Section.
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Graphite FibersI
ZrB2

Plate No.

IiR4

Unetched SOOX

Figure 44. 3T-PT (F-I) Showing Grains of ZrB2 in a Graphite Fiber

Mýatrix.
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Plate No. 4336

Unetched 50ox

Figure 45. JT0992 (F-i5), L ongitudinal Section.

sic HfcGraphite

Plate No. 4338

UMatched 5OOX

Figure 46. JT099Z (F.-15), Transverse Section.
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Plate No. 43321

Unetched S OQX

Figure 47, 3T0981 (F-1 6), Longitudinal Section.

sic ZrC

Plate No. 4334F

Graphite

ljnetched 500X

Figure 48. JT0981 (F-16), Transverse Section.
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I1~Pla~te No. 4388 Plate No. 4308

C~

~ ~~w;V

~ ~ Tr

E t h d i h M u a a is R 8. e t -7 t h e Ohwl;a a i ' ~ a e ~ 1 O

Etchý wthQuarant isRegn Shotcewnh.akriaRaonl

Platee No. 430 (G-1te I". 44ma, Fgue5.W(-89,1"Da.Br

""M ".4 ? '

Fx\X4_441;~ i 2

Etched with Murakamis' Reagent I 0ox Etched with MurkarnI s ReagentO>

Figure 51. W (Ga-18), 1V Diarn. B3ar, Figure 52. W (0-18), l/Z"Diam. Bar,# ~ .

Transve rse Section, Large TralioverseeSectiori. The l/2"
Grains. Rod Is Uniform Across The

Transverse Section.
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* Plate 4568a

4.-W81 C oating

~ Tungsten

E~tched with Murakamis' Reagent X175

Figure 53. WSiZ Coating on Tungsten (G-18) Longitudinal. Section on
Top Face of Cylinder. One Division Equals 0. 394 Milo.
(Fissures in Coating have been Accentuated by Mechanical
Preparation).

*Ditance, between numbered divisions is equal to 3.94 mils.
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Tin

Plate 4476

S(Ta, Mo) Al3

~ ~';" ~ ATa IOW

Etched with 30 cc Lactic Acid, 10cc HNO3 - 5c c HE' X200

Figure 54. Sn-Al Mo Coating on Ta-lOW (0-19) Longitudinal Section

of Top Face of Cylinder. One Unit Equals 0. 394 Mile.

Tin

Plate 4474

(Ta, Mo)AI 3

'"Ta IlOW

Unetchad (b) XC250

Figure 55. Sn-Al-Mo Coating on Tm-lOW (G-19), Sectioned
at an Angle to Cylinder Side.
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Plate No. 5362

Etched with Mu~rikarni's Reagent X500

Figure 56. Microstructural Characteristics of W + Zr + Cu (G-20)
Transverse Section. Tungsten Grains are Light.

Plate No. 5055b

Unetch. d X500

Figure 57. Microstructural Characteristics of W + Ag (G-21)
Transverse Section. Silver Infiltrant is Light.
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4TTungsten Particles

Plate 4722

Unetched (a) X250

Figure 58. Microstructural Characteristics of SiO -68. 5 w/o WV
(Hi-22) (Twenty-One Volume Per Cent Density
5.70 gins/crn3 Longitudinal Section.

2AA

Plate 4721

IWI

Uzietched (b) X250

Figure 59. Microstructural Characteristics of SiO .68. 5 w/o W
(H-22) (Tweatjr-Qne Volume Per Cent ).Density
5. 70 gins/cm Transverse Section.
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Plate 4723

Tungsten Particles

Unetchad (a) X250

Figure 60. Micros tructural Characteristics of SiO2 -60 w/oW
(H-23) (Sevent~een Volume Per Cent W). Density
4. 80 gins/cnn Transverse Section.

d Sio 2

Plate 4718

Tungsten Particles

Urnetched ()XZ50

Figure 61. Microstructural Characteristics of SiO - 35 w/o W
(H-24) (Six Volume Per Cent W). Density 3. 20 gins/cm 3

TransverseS
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* II

,• • e No. 4397

Etc: ad 30 LacticI:' z50x

I~ t

Figure 62. HF-20Ta-2Mo (1-23), 1" Diam. Bar, Transverse
Section. Notice the Outline of the Grain Boundaries
of the Preceding Struct:ure.

Plate No. 4398

Etched with 30 Lactic 10HNO31HF I000X

Figure 63. 1f-ZOTa-ZMo (1-23), 1"' Diam. Bar, Transverse

Section. Platelets are a in a )3 Matrix. N~ote
Precipitation oth Grain Boundaries of Preceding

t reStructure.

* U
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3?3

Figure 64. Hf -ZOTa-ZMo (I-23),1 /2" Diam. Bar, Transverse
Section. This Alloy Is Principallyj3Hf. Note the
Relationship to the Structure Shown in Figures 26-Z?.

14~~~~~~ .....¾ 4b~- v ~ ' ~ r ~~''A~~ '1$ - - ~jj*

41

6d ZAWWh*AA

Etched with 30 Lacti 10N0 1- oOX
Figure 65. Hf -ZOTa -ZMo (I- 23)0,1/Z" Diani. Bar, Transverse

Section.



A. Plate No.
* 2-0446

Unetched X2.87

Figure 66, Ir/C (1-24) Iridiumn Coated Poco Graphite Longi-
tudinal1 Section. One Inch Scale.

Lu.? e,-* 7 "V.*A Pei-'

Plate No,

2-0447

Etched Electrolytically in Z01o HCJ in a X89
Saturated Solution of NaC1 in W~ater
Figure 67. Iridium. Coating on Top Surfa~ce of lI/C (1-24),One Division Equals 0. 788 Mile, Coating Thick-

ness equals 23. 6 mile, Graphite at Right.



~jj. 28

240

20

40

a12-

*0

0o 10 20 30 40
Ir Coating Thickness (Mils)

Figure 68. Calibration Curve for Iridium Coating Measurement
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MAE0~ W02.07COD (A-1).,0 UALova) 0 YZ .170 MT. CO 00E (A-31 k

011.001 0101-0.001 4.00C 0.016 (.00 0.00-4 09 1Ma4001s
Over-allvr Itmi CRatio:Wft S.H+r)*1

CQlajetlitdv Analyis. .6woCtt~ tone3al~ /r 1

Elem. Ient i !Je b Xuay NolI Elemenlte We /oh Pe-1r Cen.) old 5

Dull Deaiy 10.01.b. gin/c Mea 19npl Dectyln 19to+0g *Mna) 19.6e (MITI

by B 0.10(MIT.. Tb. 06Luvea' . peret ek)~e*rsl peset etelw

0~Z 70. 00 (MIT0)01)~va

C 10.3e )lan be) Fe 2 0.13 (MIT)tiospctocoy
C 1.0 U(MIT.2)(aiao

Cvr-l 1.44,i 1.73,e 3.90r 1.97ab. 9vrl ter1 at: /r*
Correrctld Atomic Ratio: 3/e*w.3Cer-all Atomicl Ratio:!/Z Ml*19

W.:C oulaer- Dioxide 0.t0o / PI . 2.07 Corrected Atomic Ratiot/Z C/I9 07
SCalcultetde Atosnltatie: 4.44 w/ Calculated Wemight d., CetZwqO 3 ,¶ 94
Calculated Weight Per Cent SIC;r~a 0.5 Calculat d eMono ert 9et6 Zr I
Paeidniidb -aiCalculated Weigbt Per Cent Dtborlde: 996Ph5s dn.33 b ~ry
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TALI

CHARCTERZATIN OFTESTMATEIAL
MATKLA~i C HD A RA TE I AT O OF TEST MA EIALHSaI10OnSI.CD(A713

SUPPLIER: Idae±~.a, Inc. and Avco Space System. Division, LowssIl, SUPPLIERt MaskLtbs, Inc. and Avon Space System. Olnisien, 1-owell.

Qoolit tInc Anualtni vs -1.,v W/o)"Ot 1ti!. a@ fols~'a~ngewin)

1..01 ,O.000 000.O00l 0.00 10..1 0.1.0.01 0,01.0,03 0.001.0.0001 40.0001 "-
r7, r r~~r A1u N1, I.u I W. TI g it~~'

(41it.,ti-. An~d,.kl' Ouss"titatlv. Analiysis,

_____Element sr/,4Swsroe

ll 6. (Moani, at "I so 60,0 IMaLab.)
7.,s 1, jarrnil.A h) Zi 1.08 (MaLLatbs

It 10.91 INI mLabk) 1 .76 (M :oItb
C0.iik (MIT) C 0M&AoLabai

a 10 .1( 1 (MMi 31 Vi O
0I:I l2 IJ1r 1cI.A.h) Si M,9 ',aI kba

Ai 0.11 J,,l..a,
Over-all Atomic A1.110 ailAt . I* 96

0,,,..aI At,-nfl, Ratin~: B/{I41+Zi( . .00 Sic-Diboeldis Atomic Raioi 0.424*,y
C.,r,.ctd Aturnic Rauo" t B/( f+Zs( 1 .30 Calcuilated Weighti Per Cow. SICj 7.16

C,~ ,l',dOligi066woCalcuate~d Weight Per Cent Dlbarldet 90.30
11..Irato M orlbl,4, 0.00 w/o Phase. Identified by X-ray: H0,SIC. HMC (Trace)

C,, 1Ilntvd W tight Pt-e C~nil Diborld.1 9S.87 Metaliegraphic, lDocriptiont Two phas., uniform ditriibution at,~ *

Pit,.,. ,Identlllnd by X. rut: HIB,, Ilic Sic grains (44". grais else) withini
\41,11og~r;.yhic DumcrI1,d~n,', Two yIhas., eqniaxod grain* of Hilag nwisaa Ia a l~sof .1 140 (I5103 trainst).

ha~c ~vig. &rat" 4s.e of 30.05 ,icrons, Builk Deamslyl 9,3 g c
*Oualitative and quantitative astralys.. performed on differsa iibl~ea..

OCin,il~liativ. And UtiMI~lVe Anaiyaus pcel~ornrncd on dilft,prnt billest..
o1e n IlI(+Zr) prvnont minus (1Q402) prosen as dioxide and

,,,,nocarl.Idv'

MATEIOIALi 2rBa. 1 20 v/. SIC, CODE (A.Ii) M.AT ERIALt H12 I 1, 35 v/ Sic. CO)DE (A-9)

SUPPLIER: MaeLabb, let, .. d AncSpaceSyatems Division, Lowell, SUPPLIER: MawLobi. Inc. and Anco Space Systems Divsilon, Lowell,
Mass, AF33IblS(-lb71 fMalerila V) Mass. AxSO(010.3071 M41arie.I IV)

Qualitative Analysis (Range wtoI" 0oljR~vi Aa~q -10
(MOOtL4DS, ltnc.

1. 1 01 0' D1 2.01-0.001 010 0l.0,l- .l0.01I 0.01-0.000 DO s:0. 0001

lAO Phaose Identilled by X-ray: HfB3, SIC. NWc (trace),th
1

Quanttative Analysis* MetLallographic reecriptign: Two phease, uniform distributi~on at SIC grais
14.9p grain Bistoo within oqutalasni H(Bg grainss

_________4oor,. (100 grain si2.).
Elamet w/(OconoBulakl Density; 7,1)1 gms/em3

7., 69. 97 (Me Labs

0 0.0 (IMIT)
Si ,15 (ManLabl)

SiC.0lbur1d. A ~I. Ratio; 0.A04
CaiculatLid Wuight Per Cent SiC: ,1'
Calculated Weight Per Cunt Dlbunidn: 04.16 t
Ph..*. Identified by X-ray: 5rat. Sic
64.tali.grnphi. Descriptione Two phaso, uniformn distribution of

SIC grain. (4-%V grain $ise) within
oqttoend Stains.(a ZrB, (8-10. grain

Bulb Density] 4 :/m (100%6 theoretical
density)

Qu~alitative and quantlitatve snAl ye.. ptrlaimud on different billets.
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';i. TABLE 4

CHARACTERIZATION OF TEST MATERIALS

MLATZDAMW ZrB0. + 14% sic 30% C. CODE (A-10) MATZRLALi RVA Graphite, CQDIV (fl-5)

SIUPPL49kt~ Mee~es let. And AVea Space Systemts Divieion. Lowell SUPPLIMX Union Carbide Corp., Now York, New York
Miss. AV30(41iS).3671 (Material V111) Qonaltale AmaVele (mae. w40

(MASLADI. im.J10.1,0 1,0.0.1 0.1-0.01 0,01.0.001 00lO00 000

pilea... I d.Ieiby X.rayt U21*. SIC, MOaWit Quantitlative Anslysist Carban.99, 8 w/o (Ma"ldb, Inc.)
h"94 grPIX a eeeuptloal Uniform mix~tueat sic1 stains and staphIte Pha:*e Istenttfed by X. rayl Grahkite, no extra lines

flakeesehy 4.10 is p 14uc e grin.lu Of Z `1kMt.Illographic Date ripti@,tt Typical graphite mic rnnsitrcure. fairly large
ufl kes witti 4.60 gmac 10~ *ai lso J'0. I mnm). Subtabantial poroitiy with

aret also0~ coprai 0. grai else.

MATLMLi PNG (Ityrolitic Citaphits), CODE (S.1 MATEMILi BPC (Doran Doped Pyralilk dlrap)%Ita), CODE (1.1

SUPPLIER, aesets) Electric Co.. * Metllurgitel Products Divisiona SUPPLIZP. High Tenmperature Miaterial$ Division, LfiiOft Cerbidf
Detritk. UbbligeeoGr.

Al.rina. ae 0, I eidea .an igoilitia(MAoLabs, Its.) -- F- Ca.X IC. Mg .~ rI , C u

PleAse. I&FAUIie4 by X- rAyn Grapie ns, extra, lines QtianaiiaIivs Anelysisi Carbos-911. b w/o (manLaUs, Inc.
Ue~legraklo ese~peiei 1 ml eruc al~e 10(01 Ph&@@&e lIdentified by X-rayi &Iajki

plane of depostlion shw a ilq M) Motallgraphic DenrlptioIwn Sim
snt edo maller hill.. letos parallel to MleIeei observed

id01 saeIlmellar in appearafts 11A iniy. I&Sot ternam
Buelk fleaiityl I genalcnt
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TABLE 5

CHARACTERIZATION OF TEST MATERIALS

MATEW SAVC11111co~edILV Grphi" COE (4) ATEIJAW P70*1 7 Gh0iql. CODE (3.93

SUPPLJXPJ Usim.Caub*4 Cuvp. * Carbon Products Di4.34o. AUpPL~U9. UM"s Caibldi Corp..* Carbon Psod..i. Pividl@k
Now Took. Now Toth Now YAs. New York

MAERAi m 0~. ~.01a-i,0.00,(-o .A94L "450 C. q4,000 mM(0-IA31,N

phsUPPIER P..e 0by Xroy G.. Wain IMP. WC 44aaa hi SUPIU0 Mustteiol. Ma m ,uial i a rlooa d aAboahu, CIA. u

0.altat4 aA~i It&*aa $1. OvaI31u4I OAas Gii ah14moo o ro

PBulk Lhftoll ys N IsAy: 310, V 1100-1401

b~stihgfpM. .51p oviag k(S -4 mle. spmi iqb5.41mdh.a

StVDLM ina amspuiiIy I".. ~ diaiFU44 ~ MalAe SUaPhLN A..iy.I. moia 9.04+0d.1 cutm/ am idaA..sa

=64.7

ipprimaisly0.060 eside a lp im tdooabs Im.. Qar/Aslia, mlyest ~ rbo.144 +1. Wo SFA11s
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TABLE 6

CHARACTERIZATION OF LMSC GLASSY CARBON

MATERIAL: Glassy Carbon, CODE (B-il)

SUPPLIER: Lockheed Missile & Space Co.,
Palo Alto, California

Supplier Property Analysis (6)

Grade 2000 Grade 3000

Density (gms/cm 1.43-1.50 1.36-1.42

Lc(9 19 110

d (.) 3. 56 3.45
0

Ave. Pore Radius (A) 23 60

Crystalline Characteristics: Combination of tetrahedral and trigonal
linkages related to the turbostratic
precursor polymer structure.

Phases Identified by X-ray: Carbon (amorphous), no other phases.

**Density range related to material thickness, i. e. thicker material has

higher density.

* Crystallite Size
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TABLE 7

CHARACTERIZATION OF TEST MATERIALS

MATERIAL: ZrC + C, CODA; (C-IZI MATER.IAL: JTA, CODE (D.13)

SUPPLIER: aeeMmril1aita Colum~bus. Ohio SUPPLIERi Undon Carbide Corpe. Carbon Products Divisions,

Is (ange-/a)Now Yorka, Now York

i>10 0.1-.01o 0.01.0.001 0.001.0.00.31 -C0. 000l

Quantitative Analysis: :arboanll. Z5 + 1 ,0 wn/o EaftteU.) Mo. Ht. T
Ph..a. IdsntiWid by X-ray: ZrC, graphite

Matatlegraphi, Debcription: Lost M~edic. of ptiltary graphite (50-1.90 Quantitative Analysis (MaL~abo, Inj.~
mieong by 1.m.8tile ia~m.) InAt

guiertic matixl. Element w/o
Radiographic Analysis: Moot bill~et with Sam bubble. and voids,

some with comea-inogl oore-typt flaw C 47 9
(NattalU.) 318.

Sulk Denality S. 41 ±0.1 gin/cm3 Zr 30.Z
6.1

Pbm... Identified by X.rayl Graphite, Zeal, a.SIC
Metalloarapbic Deecriptient White Eraz particles and grey SIC particles

embedded in a graphite matixs,
Bulk Density .,90 +40.04 gin./cm (varies with billets)

1;'; A

WATERIAL: KT-Sillcon Ca~bide, GODS (E-14) MATERIAL: JT0o99a, CODE (r-Il

SUJPPLIER.: Cashorundari Co..* Niagara Fall, New York, SUPPR.IERt Union Carbide Corp.,* Carbon Products Division,
New York, New York,

QualitativeAV 31; a of w/0

1.0.0. i 0.1-0.01 0.01.0,001 0.001 .0.0001
PFe ax0.UaC. am.u, mg.Vt, AgrO.NS >10 1.0.0.1 0.10.,01 0.01.0.001 0.001.0.0001

Ti VW 1! -S Tr- Ic7r t.t.t~tt .M~raO

Quantitative Analysis (ManLab., Inc.) 00@

Element wod 1~

SI 7&,9 Ouniltative Analysis iulamnL~bs Inc.)

C 69Element wn/o

Ft. Nl, Ti and Cr amount to aipprounmataly 1% of remainder.
'hasee idemntified by X-ray: 0.3iCI1l), Si, graphite 0.
kMetaiiographic Description: irregularly shaped SIC grain, with consider- C 31.9

a.me .. , -anim .4 free silicon aod emaill amount. P.. dniirb -a:Celle 4C I
ol fgraphit. radeornlyitrpre.PaeIdniidbX-a:Gxht. (CS

BalkDenity 3.0 g~e/~i~ y itnrp~red.MetailogrAphic Deecription: Sim lor to JTA (D.11). N(C and SIC pirticloe
Bul Desit! 3 &./cembedded in, graphite meatrix

Bulb, Density; 4,63 finne/cm
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TABLE 9

CHARACTERIZATION OF TEST MATERIALS

MATERIAL: 3T-PT, CODE (F-I)

SUPPLIER: RTD, Dayi~on, Ohio

a,*

(Processed by Union Carbide Carp., June 1966)

As ChargedCamposition ManLabs Analysis

30.9 w/oGraphite cloth C 53.4 w/o

15.4w/oG-? resin B =5.8 w/o,

lL.4w/ol75 M.P. pitch Si =8. 2w/o

34. 6w/oSi Zr a=30.3 w/a

Qualitative Spectrographic

1.0 -0.1 0.1 -0.01
C r, AZ Ca. Cu. Mn

X-rayAnalysis: Graphite, ZrB., ZrC1PSiC

Bulk Density: 1. 65 + 10 g/cm'

Metallographic Description: Discrete white particles in a graphite matrix.
Polishing results in substantially mare relief
between the graphite and the particles than
encountered in JTA. J'T0981 or JT0992.

P. G. Lafyatis and M.S. Carter "Exploratory Development of Graphite
Materials" ArML- TR-65- 324, June 1966.
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TABLE 10

CHARACTERIZATION OF TEST MATERIALS

MATRUIAS: ITYOWI. coDE r.16 MATrRIALt W511/W (WSi& Coati.6 .0 W), CODE (G.181

11UPPLIM~ Upssi.Carbide, Corp..* Corson Products Division, SUPPLIZAt Constal Electric Co., Cievointd. Ohio (Type NiC.W(
New York, New York TAW. Cleveia-d, Ohio (W~ILL Coatins)

.0 03,.0.3 .31.01 0.00. 0101.0.001 04001.4.0001 (0. 000 1
1I C~ff S MCIM lC~eFh Ai&7~SUV. i7g"Wt -Xrj! .7 U, 'STA, M~r, I a

Sn. V
Qualitativee Analysis (Milas Inc.•.p4;pcqEI

w/oee 11 0-.,0 0.1.0.01 0.001-.00001 <0.0003

Zr S:6 Quantitative Analysvis of UoK.W

Phasese identified byX- rays Graphite. SIC. ErG lma Co(ore
Ueiailographic Descriptions Similar to JTA(D.131 and IT099Z (r.151. 0 0.00053 (Luvek)

ErC and SIC particles embedded loea C 0.00os (WT)

WS 353 (Coaling)
Motcllogrephic Descriptiont T cci nhot-workod W structure, line grained

at uarem. grains elongated in one direction

SulkDenstyin transverse section. Coating quit., uniform,

MA~ZA~ s-N~cW Sm-.M cctig n ~iO W) CDS tj1C MAIZRLIAi SiOt. 6,5 w/o W. CODE (141)

SUEPPLISRs Netional R~esearch Division. Norton Co., Newton, Mase. SUPPLIERt eljorkslten Research Laboratories. Madisgon Wisconsin
(Ta-W); General Telephone cad Xloetrordes Corp., iOlickovi~lle.
Now York (Sc-M castle&) Supplier Analysiml Tunjesten 99.9D%+ puri

t
y

Quc1ifigtive Analoeeo rei w j&aea (P vio) - 20V4W wj.W)
1JAVVISM-A611 U0s� wcten. A.7 QuantItative Analysie: 69.0 woW' (MeanLabs, Inc.)

Phaces Identified by X -ray W(0i0 vitreous)
3-10 .i.01-.001~ 0.001.0.00001 1 0.0001 Electron Probe ldil~roaualysis: ndad epe sh.o'd little or to inter.

uI r.-T.s~c .u ea Tr ow ag.'~~7~ Sn.3fe bten W and 1I02
Nc, 13,83metailogephi.c Dror ription: ring, approximately spherical, discrete

portic~los of W embedded In a continuous

(Man a~eeraerh. ivwia leg, raesBul.k D.neiiyt >5% ?0 mslrm,
10-10 30-011 00.0 001 0 001.0.0003 -C0. 0003
00..0 ,0.,) 0.0030000 Bumso. Xi'PSs~doan lineal analysts cnd density (20. S-Zl v/u W observed).

Quantiative Anslyist of Ta-Ws W4..t wI. juY)
Supplier Analysis ofT~a-Wi 9 1.304 w/'o

SparDesieimatils of go-A* CoctlogiSS-97A.46.9 Ma (RO3051 Coating)
maea detjed by X-rayf(ocstisuj Comnplex patterut08, A-t. , MAlf

presenst. pius other unidentille

144"grahic esciptins ine grainmed, worked struckuro,
U.itern clnd apparenti :LsAIGi ph&$..

Coa ifguior, 4 mU uloer layer
=nd11il diffuim io% ae;ijBulk Dessier, 37.00 Ism(Ta-W only)
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TABLE I I

CHARACTERIZATION OF INFILTRATED TUNGSTEN COMPOSITES

MATERIAL: W'+ Zr + Cu, CODE (G-20) .

SUPPLIER: Rocketdyne, Canoga Park, California

Supplier Analysis: Porous powder metallurgical grade tungsten A'11.ýý i
product 76% of theoretical density .,

was infiltrated with Cu-75w/o Zr alloy.
Composite density is 15. 7 gins/cm3 (97%
of expected value) (2).

Quantitative Analysis: 16.5`V/o Cu-Zr phas-e.*.4
Phase Identified by X-ray: Tungsten plus a Cu-Zr compound,

CuZrZ or CuZr 3 , no free Zr or Cu.
Metallographic Description: Equiaxed grains of tungsten (approx. 15

micron grain size) with randomly interspersed
regions of Cu-Zr phase.

Bulk Density: 15. 81 gins/cm3

MATERIAL: W + Ag(G-Z2I) V'4

SUPPLIER: Wah Chang Corp., Albany, Oregon

Quantitative Analysis: 19. 4v/o Ag*. TPhases Identified by X-ray: Tungsten and silver.
Metallographic Description: Equiaxed grains of tungsten (approx. 10

micron grain size) with randomlyIs
interspersed regions of silver.

Bulk Density: 17.49 gms/crn3.

*Based on lineal analysis..

734
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TABLE 12

CHARACTERIZATION OF TEST MATERIALS

MATUZRALi BIDS 4 60 w/oW. CODC (11-23) MATEIRALt 310a + 35 w/o W. CODE (H-24)

SUPPLIZN. Goserat 31.ctrlc Co.. Willughby, Oh~io SIPPLEMI Gonmeral Electric Co., Willoughby. Ohito

4 Qualitatha Aaalysla ee.. v/el Oalpoal. AnalyIs I. ewe

0.1.0.01 0.03-0.001, 003000 0.00l -V. 0.0 1 A0. 0003 0.3.0.03 0.1.0.01 0.01.0.001 0,003.0.0003 0.001-0.0001

Qesatliaslive Analyosat 60.3 wioW 1114t) < 0.0003
61.1 w/oW dmaalabe. a.l

Phases Identified by X- tr. W(8101 Vistreoome)
Motlloirsitc DscrptinsTin V artcls onboste i a omdmou Qantitaisve Analysis; 35.8 w/oI. W(T)

hltatlogawlbmatrix agreeaagglomprati onsemei~ .e 35.3 w/o W (MacLab. bec.)*
*Bulk Develop4. guno/cA;11~~ Fft.eem Identified byX-rays W (iN02 vitreous)J

Mot&Uor~pbk escritios ie W particles embedded in & continuous

S2, matixa ?Oen. agglomenration
*Ueed on Lionel aeaatyel and density (1.-8v/oW obsoeev.4. Bulk Deality 3.20 gns/cm

Based on liaser analysis and density (5-6 vI. W osberved).

MFATERALO:~ llf3OT&s4o, CODE(.331) IAATERIAL: Ic/Graphite 41fidinm emotting On Pocm Graphnite), CODE (134)

* SUPPLIER: WaliChain8 Corp. * Albany. Oregon SUPPLIER: Battelle Memorial Iestibutde. Columnbus, Ohio

Qeailtiv Aalyis~~wolPhases Identified by X.rays Graphite (matixs). IF (coatieg). In sene
M~ret.5 tor . *Mc. cease@ costing contained a.FsZO3 and looked

* -10 0.01.0.001 0.001.0.0001 (QQ00Q Coating Thickness (Barrelisl: 33 mile average on length of specimens with
Mo17 me-6- r_ U. am , ME I~ .At variations from Z3.8-53.7 MAIe, 37.4 mile

3mA averale on top diameter wiih variations f root
29.5. 1 Mile.

Quantiitative Analysis (MIT Coasting Weight (Batielte)z 10.13 gme eve rage
Radiographic Analysis;: Some, Inborn ogone ties in coatings (such as

Elemet w/othinning aot junctions. cracks anti spotty our-
I.ce build up) In I out of 19 specimeons.

lHt 79.4
Ta 19.6

Mo 1.4
0 0.O0075and 0. 0076

TNominal Csompositions 1t.1.TaS 351 (4.6%Zr)
Phases Identified by X-ray: a-itif, fl-To, a-11 lines shifte. strongly

preferred agiesmatton (I " bar). P-M~t
I& 1. 47 A) l (3/" bar).

V ~~Meealloarapbic Descriptiics RJ'rrys"etald structure of fine a-Hf-rlh
[Bar p~aie In O.Ta.rlch matrix. Old groins

laread clearly visible.

Me 41eg ssm c Daciptiomsi Large 5-El-Ta $raise. Etscheat cameos a
l/3'Barr ofe~ pitting reminisents of the mr-Elf.

PT&=!pLatekt:4rw;4mrs. Et soewn region@.
Is 611WIiNlle trUcim APPear freom

Bell. Donaetor t41"`.m47 1citf(I" bar)
13.48 wme/ca)J~nl(3 bar)
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TABLE 14
SUMMARY OF DATA ON Ir/GRAPH-ITE(I- 24) SUPPLIED BY

GENERAL TECHNOLOGIES CORP.

Specimen Coating Finished Visual Eddy Current
No. Thickness Diameter Inspection Thickness

(rrils) in.)(Mnils)

1 4.7 .512 1 tree pit 5.55
2 4.4 .511 2 tree pits 5.15
3 3.5 .509 no defects 4.95

fls4 3.8 .510 no defects, treed 5.65
5* 4.8 .512 <2.00
6 3.6 .510 1 tree pit 2.75

74.9 .512 no defects 5.10I
8* 3.8 .513 3. 40'
9 3.2 .509 3 tree pits 5.40
1.0 6.5 .515 excellent 5.20
11 3.9 .508 excellent 3.05
12* 1.3 .506 < 2.00
13 4.3 .512 excellent 4.05
14 4.6 .511 excellent 4.60
i5 4.1 .510 excellent 4.20
16 3.8 .508 no defects, treed 5.60
17* 3.1 .508 3.8

(18* 2.3 .509 <2.00
K35* 3.4 .509 3.05

46 5.7 .513 6.05
661* - .508 <2.00

66 8.0 .518 excellent 6.00
69* - .520 4.85
71* 1.3 .509 '2.00
73* 0. .506<20
75 2.7 .507 excellent 3.70
76 -- -- no defects, treed <2.00

*Samples considered rejects but supplied for evaluation.

'3ý
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II TABLE 15

SUMMARY OF NONDESTRUCTIVE TEST RESULTS ON ZrB2 (AW3)

VDensity eCnt AS
Specimen VL 3 PeCntIS
Number inches/microsec gins/cm Top Bottorn

A-3-.1 0. 34Z 5.52 18.8 19.8
A-3 -Z 0.346 5.56 19.6 19.6
A-.3-3 0.345 5.59 19.6 19.4
A-.3-4 0.348 5.65 19.3 19.8

A.-3-5 0.346 5.59 19.3 19.0

A-.3-6 0.345 5. 64 19.6 20.0
A-3-7 0.345 5.60 19.6 19.4
A-.3-8 0.346 5.63 19.7 20.0
A-3-9 0.347 5.65 18.8 19.6
A-.3-10 0.345 5.57 19.5 19.6
A-3-11 0.347 5.48 19.2 19.4

*A-3-12 0.346 5.61 19.7 30.2
A-3-13 0.343 5.62 19.5 19.8
A-3-14 0.342 5. 6Z 19.8 19.7

A.3-1 0.39 5.5 19.'19.
A-3-15 0.339 5.57 19.0 19.5

A-3-17 0.343 5.64 19.5 19.6 70
Ain3-18 0. 34Z 5.61 18.8 18.9
A-3-19 0.343 5.62 19.3 19.1
A-3-20 0.339 5.59 19.0 19.3

A-3-2 0.37 5.6 19. 20.

A-3-22 0.347 5.68 19.7 20.0

A-3-.23 0.350 5.64 19.7 19.7
A-3..24 0.346 5.60 19.2 19.7
A..3-35 0.343 5.56 19.3 19.1

A-3-26 0.344 5.67 19.5 19.6

A-3-27 0.344 5.58 19.0 18.8
A-3-28 0.343 5.61 19.3 19.3v

A-3-Z9 0.344 5.56 19.5 18.9
A-3-30 0.345 5.60 19.3 18.2z

7,1
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TABLE 16
R.ESULTS FOR HOZ2 1 (A-2) SPECIMENS FROM NDT EVALUATION

Longitudinal Velocity2

(inches /microsecond) Relative Eddy Current

Spec-imen1  xa Rda
Designation Direction Direction Top BottomT Bottom T Bottom

(A-2) - 1 0,265 0.303 15.4 10 6
- 2 0.264 0.303 15.1 10J 8
- 3 0.263 0.301 14.8 10 8
- 4 0.265 0.309 14.8 10 8
0'" 5 0,263 0.303 15.2 4 10 0 4 0

. 6 0.264 0.305 15. 0 9Q 10 6
- 7 0.263 0.305 15.2 W~ 10 66
W 8 0.265 0.303 15.2 .0 106
- 9 0. Z65 0.309 14.7 10 10 0
.10 0,265 0.307 15.4 10 b U
-11 0.264 0.307 15.4 10 8
-1Z 0.264 0.307 15.0 10 6
-13 0.2Z63 0.301 15.2 15.4 10 10 8 8

7.14 0.263 0.2Z99 13.6 15.2 10 10 V) 8
.15 0.263 0,303 15.2 14.7 10 10 10 10
-16 0.2Z63 0.2Z99 15.2 15.2 10 10 10 6
-11 0.259 0.2Z94 15.Z 14.9 10 10 6 10
.18 0.265 0.301 15.2 15.3 10 10 6 6
.19 0,.265 0.302 15.0 15.13 14 10 >1 00 10
420 0.2Z64 0.299 14.8 15.0 10 10 10 8
-21 0,268 0.311 14.6 15.1 195 18 80 44
-22 0.z65 0.305 15.4 15,2 10 10 6 6
-23 O.264 0.305 15.2 15.1 10 10 8 10
.24 0.265 0.301 15.0 12. 8 10 18 10 16

Average 0.264 0.303 15.0 14.9 10 11 116 12
Maximumn 0.268 0.311 15.4 15.4 19 18 >100 44
Minimum 0.259 0,294 14.6 12.8 10 10 6 6
Range 3.6% 5.5%

1. End sur'faces not flat and parallel.
2. Velocit technique: through transmission; equipment a Arenberg PG 650-C 1

~1' high voltage pulsed oscillator. General Radio power amplifier (20 KHx 1. 5 MHz),
Tekitronix 545A scope; frequency 1. 0 MHz; accuracy a 1. 0 per cent, presision

better than I per cent.
f 3. Eddy current technique for 60 IG~s: equipment a Magnatest FM-100; precision

better than 3 por cent (+ 0.4).
4. Eddy current technique-for 500 RHz and 8MHz: equipment =Boonton Metal

Film Gauge Type 255A; precision better than 20 per cent (+ 1).
5. Surface niot machined.U'6. Excluding the point >100.

Vý 78



TABLE 16 (CONT)

RESULTS FOR HfB. I (A-2) SPECIMENS FROM NDT EVALUATION

X-rays7 Dye Penetrant9 Visual Inspectionl0 Desp ation

Porous band around center of cylinders No cracks, Edges are (A-Z) - 1
chipped.

Porous band around center of cylinders No cra%.ks. Edges are - 2
00' .chipped.

9 Porous band aruund center of cylinders No cracks. Edges are M 3
chipped..

Crack along boetom edge approx. 1/4" No cracks. Edges are - 4
l long. No porous band, chipped.
Two small cracks along bettom edge. No cracks. Edges are - 5
Porous band around center of cylinder, chipped.

a Crack at top approx. 1/5" long. Porous Crack approx 1/8" long , 6
-14 band around center, at top near chip. Edges
'4are chipped.

*. Porous band around center. No cracks. Edges are - 7
'• Porous band around center. No cracks. Edges are - 84 chipped.

chipped.

SShallow cxack at top. No porous band. Shallow crack at top. W 9
Edges chipped.# Porous band a.round center. No cracks. Edges are .10
chipped.

Small crack at top edge. Porous band No cracks. Edges- are -11
around center. chipped.
Crack along bottom edge approx. 1/4" No cracks. Edges are 412
long. Porous band around center, chipped.
Porous band around center. No cracks. Edges are 413

chipped.
Several shallow cracks. Porous band. Several shallow cracks. -14

Edges chipped.
Several shallow cracks. Porous band. Severaý ahallow cracks. -15

Metallic (copper?) part.
on cylinder surface.

Porous band around center. Several shallow cracks. -16
Edges chipped.

Porous band around center. No cracks. Edges are ..17
chipped.

Porous band around center. No cracks, Edges are -18
chipped.

Porous band around center. No cracks. Edges are -.19
chipped.

Porous band around center. No cracks. Edges chipped .20
Shallow crack. No porous band. No cracks. Edges chipped -21
Porous band around center. No cracks. Edges chipped -. Z
Porous band around center. Shallow crack. Edgps chipped -24

7. X-ray radiographic technique: I Mevp, TrD w 36", Eastman Type M films 3
exposures for each specimen (2 radial at 00 and 900 and 1 axial).

8. Low density regions are attributed to pressing technique.
9. Dye penetrant technique: post emulsification using Zygloe ZL-2Z.

10. Visual inspection employed 40X microscope. Anomalies indelibly mnSrked on
specimens. 79



TABLE 17

RESULTS FOR JTA (D-13) SPECIMENS FROM NDT EVALUATION

Longitudinal Vel. 2  Relative
(inches/rnlcrosecond) jd et

Specimen I Axial Radial 500 K~ Alcohol Visual
'6 Dsgntin Direction Direction Top Bottom X-ray Wipe Lns eto

Billet No.
Sample Nlo

S /E/l7/2..1 0.134 0.199 56
S/E/17-2-2 0.129 0, 08 44
5/E117-Z-3 0.125 0.202 44 10 Scratches on

a nd surface
S/E/17..2.4 0.123 0.199 60 1 Chip along

p 4  u inner diam.
05/E/17-2-5 0.126 01202 44 0o Flat spotm

P4 s ~ some scratches
5/E/17-2..6 0.129 0.214 42Z Discoloration

S along inner edge
S/ 117-2-7 0.128 0.200 58 0 U~ Scratches on

0 0 end surface
5/E/17-2.8 0.127 0.189 62 Z Discoloration

5/Ej7-2- 0.11 0.85 ~along inner edge

5/E/17.2-10 0.12.3 0.191, 68

Max~mum 0.134 0.214909ip- n
Avewag2t 0.1Z7 099 55

Minimum 0.121 0.1.85 42
Range 10% 13.6%

1.* End surfaces not flat and parallel. Surface contact poor. Ed lgtysne
Iý to facilitate measurements.

2. Velocity technique: same as used for HfB 2 1 .
3. Testing not possible at 60 KHz. Conductivity outside range of teat instrument.
4. Eddy current technique for 500 KHz: same as used for H1fB? Pprecision a+ 1

unit.
5. X-ray radiographic technique: 120 kvp, 10 mA for 2 minutes, TFD x 60"1,

Eastman Type T (between A and M) film and 5 mil lead screens.
6. Visual inspection employed using 40X microscope.
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TABLE 18

RESULTS FOR JT0981 (F- 16) SPECIMENS FROM NDT EVALUATION

Longitudinal Vel. 2 Relative
(inches/microsecond) Eddy Current

Specimen Axial Radial 50Alcohol Visual6
Designation Direction Direction Lop Bottom X-rays Wipe Inspection6

Billet No.
Sample No.

5/F/2/1- 1 0,130 .0. 21O 62 Flat spot along
outside wall

5/F/2/1- 2 0.135 0.211 54 Flat spot along
outside wall

S/F/2/1- 3 0.142 0.222 52 10 Scratching on

end surface
5/F/2/1-54 0.1438 0.236 5so Scr~atching on

0 end surface
5/F/2/1-5 0.140 0.214 60 $4 Scratchengon

0 ~ end surface
S/F/2/l-7 0.140 0.214 560. Scrallchespo

od end surface

5/F/2/1-7 0.139 0.0210 50 Small chip
0end surface

5/F/Z/ 1- 9 0.139 0.0220 56 Small chip
end surface

5/F/a/1 -10 0.130 0.2207 560 Small ch~ip
end surface

Average 0.138 0.218 55
Maximum 0.143 0.231 62
Minimum .30 0.207 5o
Range 90/ 10.416

1 . End su~rfaces not flat and parallel. Surface contact poor. Ends slightly sanded
to aid measurements.A

2. Velocity technique: same as used for HfB?, .
3, Testing not possible at 60 KHz. Conductilv~yb outside range of test instrument.
4. Eddy current technique for 500 KHz.- same as used for I-fB2 , 1; precision = +

unit.
5, X-ray radiograiphic technique: 120 Kvp, 10 mnA for 2 minutes, TFD =60"1,

Eastman Type T (between A and M) film and 5 mil lead screens.
6. Visual inspection . rployed 40X microscope.



TABLE 19

NONDESTRUCTIVE TESTS OF WAVE SUPERHEATER MODELS

Sample Code Run Number Comrments
Mar.Labs No. /CAL No. Sting Number

ZrB. (A-3)-l -2 67-473- 1 Edges of bore are chipped

KTSiC (E-14)-1-8 a No Imperfections

KTSiC (E-14)-3-18 3 No Imperfections

Hf-Ta-Mo (1-23)-4-19 4 No Imperfections

W (0-18) Uncoated-X-ll 5 No Imperfections

RVA (B-5)-X-5 6 Large pit and porous area in

3TA D-13-X-7hemispherical cap
JTA D-1)-X- .7 Contained high density flecks

through volume

JT0992 (Fr-l5)-X-9 8 Contained high density flecks
through volume

Hf-Ta-Mo (I-23)-l-lZ 67-474- 1 Tool marks on wall

HfB2 .1 (A-2)-X-1 2 Edges of bars are chipped

Hf2+ SiC (A-4)-X-4 3 Edges of bore are chipped

PC; (B-6)-X..6* 4 Large pit and porous area on wall

BPG (B-7)-X-16* 5 Surface porosity, chipped base

JT0981 (F-16)-X-10 6 Contained high density flecks
through volume

ZrB. (A-3)-24.3 7 Contained two high density flecks
300 mile from nose and one fleck
700 mile from nose. Edges of bore
are chipped.

Sn-Al/Ta-lOW (0-19)-3-ZZ 8 No Imnperf ections

Hf-Ta-Mo (I-23)-Z-0 No Test No Imperfections

Hf-Ta-Mo (1-23)-3-0 No Test Contained 40 mil diameter low
density region in front face

KT SiC (E-14)-4-0 No Test No Imperfections

KT SIC (E-l4)-Z-Q No Test No Imperfections

*iiC" axis perpendicular to cylinder axis.
lip" 82



TABLE 20

INTERNAL F EAT URES OF WAVE SUPERHEMATER. MODELS
4 DISCLOSED BY RADIOGRApjjy

mzEeter/L.ength~aL
Sample Code Thickness (mile) Commants

ManLabs No/CAL No. (Milo)

ZrB2 CA-3)1.2l, 492/1021/139 Twenty-five mUi protrusion
otL inner wall of front face

KTSiC; (E-14)..1... 488/1000/135 Counter bore 11/8" diarneter
1/16"1 deep

XT SiC (E-14)-.3-.18 944/994/130 Inside of front cap is stopped
1Ff-Ta-Mo (1-23).4..19 997/1167/129 No defects
W(G-8) Uncoated-X..11 4911992/152 Twenty-five mil protrusion

on inne'r wall of front faceRVA (B..5).X..5 488/996/112 No defects
JTTA (B-13)X..X7 489/957/125 No defects
JT0992 (F-15)..X.9 490/945/96 No defects
Hf-Ta-Mo (I-23).l-l2 491/1000/155 No defects
lifB2 1 (A.Z).X..1 491/937/144 Fifteen mil protrusion on

HfBZ + SiC CA-4)-X-4 492/963/154 Twenty-five mil protrusion
inner wall of front facePG (B*6)x.X.6 **488/1061/12.2 No defect.

BPO, (B-7)-X.,l6** 490/836/157 No defects
JT0981 (]W-16)..X.1o 488/946/141 No defects
Zr2 (A-3)..24.3 492/989/163 Fifty mil protrusion on Inner

wall of front face
S n.AZ/ Ta. IOW(C-19) -3..ZZ 1001/1001/ 146 No defects
Hf-Ta-Mo C1.23)-2.0* 1001/1062/IZZ No defectu
hf-Ta-Mo (I.23)-3.0* 503/943/110 No defects
KTSiC (.E-14).4..o* 491/1004/336 Core drill islands at base of

hole
KTSiC (E.14)-Z..0* 972/19591164 Core drill islands at base of

hole

All samples were hemnispherical caps except those noted by asterisk. The 7latter were flat faced cylinders.
**"C" axis perpendicular to cylinder axis. 4
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TABLE 21

RESULTS OF ACOUSTIC VELOCITY AND -EDDY CURRENT

MEASUREMENTS FOR BORIDE AND BORIDE COMPOSITE

HIGH FLUX CYLINDERS

ACOUSTIC VELOCITY MSZASURtMUM4TS ACOUSTIC VELOCZrY bill8UP.SbIMT5

LS 05~dl~l Traaaveum L@S inal T.ar..vle.s

Wae, Velocity Wave Velocity Ati.ewAmimWv eo~t a.Vlcty ASaatc

at 2.14. &MR& ~ (W o e) WINA at .0 Mile Wlaikl see iSIS

-1j~e "Wja aWa 5.0 15,0 1 e/ec) aval t~a 5.0 15.0

H0 1 (l) 0.364 0.1765 3.178 10.&9 ia 01 1 0.345 0.371 *,ail 0.234 0.811 1.56

.3 016 .8 018 a.~6 l1& 1.2 14 0.351 0.174 0.234 0.234 0.91 0.421
J3 Is4 .8 .73 0.11 21 50 1 0,145 0.371 0.231 0.235 5.5 0. "a

.4 all30.6 0.1165 0.1761 .72 6.46 -16 0.545 0.s71 0,2)1 0.234 I.it 0.714
Avua 027 034 0.3777 0.1785...................~.g 0.4 A.M 022 .

155m 0.179 0.266 0,706 0.1745 .... wa 0.1 0.7 0)4 0.5
Mlitamen 0.444 03111 0.N 6 1773 5..U 0.4 0.31 .0,31 0.22,14 ..

¶Ass .6 4% ....... .... V . 7% 0.3 04

mr,4 0a4 0.234 3.57 1.33 112 ell 0.360 0.380 0.230 0.254 5.33 1.31
5" 4:N :Im 0.234 .1 .7

.7 137 037 0.am 0.234 .71 0.91 S+0.6
06 0 4 0.7 .114 2.57 0.89 mr 00.169 6.19 5.13
0.37. -:1419 0.291 0.303 0.184 0.189 5.50 8.10

Nae 004.3 1.6 337% 0.31 --- .S :13 .71 .8 48

vaX ~:,6 0714 02)4 0:2$4 Ma7l 3.5W f 040 .) 0262.81

.1i 050 0.380 7.1% 0.0 0.1 2.35 0.1755 1.94 44
Avecag..22 0ll a.8 1.3 6..0 6 0
Malzw .11 0.1 026 .162 0.164 0.479 01.746 0.2145 1.07 1.47

MWan9u 0,310 0.5M4 0.234 .0.253
01:eg 1.91 H.0 il7l 0.353 .370 0111 0mate3.4 a

11 14 . 4,) 0436 4.96 6 .3 45 7 0-S 1, 21 0 5 0 4

. .5 55.4 15 .8 3 44 44 64 S 1 6 342 + 02 22.2 (0A-0 6016
41 15.4 0 5.31 46.3 4.24 66 :24 0:6 59. 2, 5023 .10 , 60 62 1

.4 3. 4. 6 4 84 352 .00 09. 1, 1 00 a54 160 162

Ay~tSI 54.9 4.9 -- 15 81AveagsAe o 19era,9 2,6 - -

MODYmo CUIL:4 14:3NSI 54D 13LIEN RESPONS19.EU

1.6% 7,3% 1~~ .00 0,M

1.6 22. 9 4 557 50 64 4
25.5-01 2-6a-% 6 ,04 8 4

UP.7 12.76 143. 46 4 5is2' a.Ik s 50 62 02 3

.4ng 14.419 4.6 J -46 4 3 3,7 Hi 0. 22.7 23. so1 62 62
..9 21.5 at, Is50 62 6

lils.9 d 1,76 4 .5 24 a 64 4 6 1.7 t

.5 ,1 .1 0 6 6 4 112 213,5 .3 1 0. so 0a 63 60
.53 1.71 3.51 10 10 52 4

.75 .13 . 57 5 267- 46 , 3 SIC(* S.3 16.2 46 48 14 64
Avecegs~ ~ ~ 1.0 25 1 0 4

.9la 93.13 tall 32 64 40 -24 1,.6 41.1 46 48 54 64
M 2im .19 21.1 2 2 14
lne 30%1 32.8 1614- -Meab-vomae~l

13:115 11: fAi,
Mienvm3. A 33" IN 2275 3.9 61 o 484i

219 11 so 42 6



TABLEZ22

RESULTS OF VISUAL, DYE PENETRANT AND RADIOGRAPHIC

INSPECTIONS FOR HYPEREUTECTIC CARBIDE BILLETS

AND HIGH FLUX CYLINDERS
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TABLE 33 (CONT)

COMPILATION OF' EDDY CURRENT MEASUREMENTS OF

IRLIDIUM COATINGS ON GRAPHITE (1-Z4)

SUPPLIED BY BATTELLE MEMORIAL INSTITUTEt

Predicted
Thickness
Based on

Eddy Current
S!Emple NO. Thickness Measuremen~t Comments

Calibration

A (9.0) 10 (measured) --

B (24.0) 20 (measured) --

C (31.0) 30 (measured) ---

2** (14.0) 24 (estimated)* 14 -

3** (31. 0) 15 (estimated) 17 -

4, (Z3. 0) 14 (estimated) 18 -

6*(* -- 16 (estimated) --

11 (18.0) 16 (estimated) 15 Exposed lIIM
16** (Z5. 5) 14 (estimated) z1 Exposed 16M
17 (24.0) 16 (estimated) 20 Exposed 17R
18 (34.0) 16 (estimated) 20 -

23 (34.0) 13 (estimated) 20 -

24 (14.0) 16 (estimnated) 14 Exposed Z4R
25 (18.5) 16 (estimated)15-
27 (33. 0) 19 (estimated) 18 -

39 (30.0) 16 (estimated) 16 -

30 (24. 0) 27 (estimated) 20 Exposed 3R

*Estimated from Table 13 on the assumption that coating thickness equals 1/3
length thickness.

*Denotes rough or irregular surface. Eddy current reading may be doubtful.
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This report describes the candidate materials which were obtained from corn- ~ '

mercial sources and represent state of the art materials. Available processing in- .,~

formation is included. Characterization of materlals was performed by qualitative
spectrographic, wet chemical and vacuum (or inert gas) fusion, metallographic, X-r
electron mricroprobe and pycnometric analysis. Standard analysis of refractory bo- NI, ride, carbide and silicide composites were employed.

Nondestru~ctiv'e testing of candidate materials included radiography, gamma
radiometry, die penetrant inspection and measuremrent of ultrasonic velocity. Film
radiography was used to detect the presence of voids, inclusions and local grosm
changes in composition. R~adiometric density gauging used to measure local densities
within each specimen and alcohol penetrant tests were employed to disclose tight
surface cracks which are not visible at moderate magnifications.

The results of nondestructive testing of samples prior to arc plasma testing is
reported. Test results are provided for a series of hemispherical shells of diborideK

comosies.Graphite composites, silicon carbide and hafnium- tantalum alloy were

also tested prior to exposure. In several instances, flaws which caused failures on
exposure were detected by means of dye penetrant and radiographic technques. The '
latter methods proved to be most effective of the NDT techniques employed in this rstudy.
This abstract is subject to special export controls and each transmittal
to foreign governaments or foreign nationals may be made only with prior A
approval of the Air Force Materials Laboratory (MARC), W-PAFB.. Ohio 45434,
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